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ABSTRACT PAGE
Human activities are increasing the environmental Hg(ll) load and promoting heavy metal bio­
availability and mobility. As the toxicity of mercurials is well established, increased risk for 
exposure encourages further investigation of Hg(ll) uptake, transport, and excretion. ESI-MS and 
variable temperature 1H NMR were used to analyze solution state Hg(ll) speciation and exchange 
processes for small synthetic metal thiolate complexes in multiple metal and multiple ligand 
systems.
Ligand competition between Hg(ll) and Zn(ll) for two different tridentate NN’S-ligands, N-(2- 
pyridylmethyl)-N-(2-(ethylthiolato))-amine) (MEPAH) and N-[2-(6-methylpyridyl)methyl]-N-(2- 
(ethylthiolato)-amine) (MeMEPAH), were studied using ESI-MS. The relative concentration of 
single-metal species was dependent on the zn:Hg mole fraction. Mixed-metal species were 
observed with maximum concentration at intermittent ratios of Zn:Hg. Sterics and size of metal 
ion affected speciation. Zn2LigX2+ and HgLig+ were the most prevalent single-metal species 
suggesting parallels to metal-dependent into binding preferences and stoichiometries of metal 
binding proteins such as metallothionein. Collision-induced dissociation energy experiments 
were used to confirm peak assignments through fragmentation patterns. These studies prove 
insight regarding possible mechanisms for replacement of physiologically essential metal ions 
bound to proteins with toxic metal ions.
Metal-competition for Hg(ll) between benzylmercaptan (SR') and two nitrogen donor ligands: 
tetradentate tris[2-(6-methylpyridyl))methyl]amine (TLA), and tridentate bis[(2-pyridyl)- 
methyl]amine (BMPA). Mechanisms for solution equilibria were proposed for both systems. 
Despite the well-documented thiophilicity of Hg(ll), trends in proton NMR behavior documented 
formation of several mixed ligand species prior to complete displacement of the nitrogen donor 
ligands at higher mole ratios of SR". The tridentate (BMPA) was displaced from Hg(ll) more 
readily than the more sterically demanding tetradentate ligand (TLA). These studies provide 
insight regarding possible mechanisms for metal ion displacement from proteins.
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Part I
Ligand Exchange Competition between Zn(ll) 
and Hg(ll) studied by ESI-MS
Chapter 1 -  Introduction
The metals of group 12 have extremely different bioactivities. Zn(ll) is
known to have important catalytic and structural roles within living organisms, 
while Cd(ll) and Hg(ll) are toxic.1 Recently, a Cd(ll) specific carbonic anhydrase 
was discovered in the marine diatom Thalassiosira weissflogii, but no known 
biologically beneficial role has been discovered for Hg(ll).2 Although many 
aspects of the complete mechanism of toxicity are unknown, it has been 
determined that mercury can impair biological activity by reacting with cysteine- 
thiol groups in proteins.3 Mercury is extremely attracted to the soft, easily 
polarizable sulfur atom with a binding affinity on the order of 1015 to 1020. Its 
binding affinities for nitrogen or oxygen are 10 orders of magnitude lower.4,5 In 
fact, the term mercaptan, for sulfur-containing organic compounds, literally 
means "mercury seizing".6 Mercury toxicity affects the kidney, brain, and the 
cardiovascular system.3 Because of the d10 electron configuration found in group 
12 metals, mercury can assume a wide range of coordination numbers and 
geometries yielding complicated solution speciation.7 There are clearly many 
ligand-exchange mechanisms involved in the uptake, transport, and excretion of 
mercury. Therefore, collecting data and information on different ligand- 
exchange processes that occur in solution may lead to valuable knowledge that 
could aid in the full understanding of the biological mechanisms of mercury.
Inorganic mercury can be found in two different forms: elemental Hg° (a 
liquid at room temperature with significant vapor pressure), and cationic
2
mercury either as 1+ (mercurous) or 2+ (mercuric).4 Methylmercury, the result 
of methylation of inorganic mercury (mercuric) by microorganisms, is the most 
frequently encountered form of organic mercury.4 All forms of mercury, 
elemental, cationic, and organic are toxic in tissues and organs in the human 
body. Because of its lipophilic behavior, methylmercury has the potential to 
accumulate in fat tissue and is the most toxic form.8 Due to differences in 
transport and metabolism, inorganic and organic mercurial species tend to affect 
different organs and tissues in the body.4 The primary target of inorganic 
mercuric ions are the kidneys.4 While organic mercury has some toxicity towards 
the kidney, the uptake of organic mercury primarily targets hematopoietic and 
neural tissues.4
As understanding of the toxicology of mercury has increased, so has 
interest in its geochemical cycling. Heavy metals are found as deposits in the 
earth.9 Excavated heavy metal contaminates the local pedosphere, the loose 
surface of the earth and the interface among lithosphere (rocks and minerals), 
biosphere (litter and organisms), atmosphere (soil/air), and hydrosphere 
(soil/water).9 Metal mining, smelting, and combustion of coal result in the 
contamination of the atmosphere, allowing distant pedosphere deposit. Once in 
the pedosphere, heavy metals have the capacity to affect living organisms On 
average, 0.035 mg of mercury is present in every kg of soil.9 Mining of mercury 
began in 1900 with the onset of industrialization, and in 2000 the industrial age 
cumulative world production of Hg reached 0.64 million tons.9 The largest
3
emission source of mercury is from coal-fired electric power plants, which 
represented 6.7% of the world's mercury emission in 2000.9 In 1983, Hg 
production from global coal was estimated at 5 .46xl05kg.9 Tragically, the 
average recovery rate of metals from mining and processing is 85%.9 Therefore, 
on average, 15% of all excavated mercury settles in the pedosphere and is free 
to contaminate air, water, plants, and organisms, including the human 
population. The bio-availability, toxicity, and mobility of heavy metals in the 
pedosphere depends heavily on environmental acidity and the presence of 
organic complexing ligands.9 Current environmental trends, especially increasing 
emission of nitrogen, favor the increase in heavy metal mobility and toxicity.9
Bacteria and mammals have different mechanisms for mercury 
elimination. Bacteria use the mer operon-dependent mechanism of converting 
the highly toxic methylmercury to the less toxic elemental mercury. The mer 
operon and the mechanisms leading to the degradation of methylmercury were 
studied in the 1960s when a bacteria isolated from contaminated soil with high 
levels of Hg was analyzed.8 The mercuric ion receptor, MerR, is a protein with a 
high specificity and affinity for mercury that activates the transcription of genes 
responsible for the detoxification process.6 MerR responds to changes in 
intracellular Hg(ll) at nM concentrations even with a 106-fold excess of 
competing Hg(ll) ligands.6 MerR exists as a homodimer bound to DNA that, in 
the absence of mercury, represses transcription of the detoxification genes.6 In 
the presence of the heavy metal, trigonal binding of Hg(ll) through three cysteine
4
residues causes a conformational change that triggers events ultimately leading 
to the transcription of the desired detoxification genes.5 More specifically, 
enzymes MerA and MerB are pivotal in the degradation of methylmercury to 
elemental mercury.8 MerB, an organomercurial lyase, cleaves the C-Hg bond 
forming Hg(ll).5 MerA, a mercurial reductase, reduces Hg(ll) to elemental Hg.8
Mammals utilize metallothioneins (MT) to sequester and excrete 
mercury. These mammalian proteins contain 61 amino acids, 20 of which are 
cysteine residues.10 Metallothioneins have the ability to bind different metals in 
two distinct metal-thiolate cluster binding sites.10 The metal-free mammalian 
protein is free of disulfide bonds and adopts a random configuration.11 Once 
heavy metal is present, formation of metal-thiolate clusters occurs through both 
terminal and bridging cysteine residues.11 Due to the multiple coordination 
geometries mercury can adopt, changing the Hg.MT molar ratio can yield 
different stoichiometric complexes.10 Synthetic Hg-thiolate complexes have 
been synthesized to mimic metal-binding sites in proteins and serve as a useful 
tool in identifying possible coordination geometries in metallothioneins.
Since current environmental trends are both increasing the 
environmental Hg(ll) load and promoting heavy metal bio-availability, mobility, 
and toxicity, it is necessary to learn more about the uptake, transport, and 
excretion mechanisms of mercury. The goal of the work described in this thesis 
is to further the understanding of Hg(ll) ligand-exchange processes and zinc triad 
coordination chemistry by using synthetic metal-thiolate complexes and modern
5
analytical techniques. Ligand-exchange of Hg-thiolate complexes were studied in 
the presence of a competitive metal, Zn(ll), and two different N,N,S -tridentate 
ligands, N-(2-pyridylmethyl)-N-(2-(ethylthiolato)-amine (MEPAH, L) and N-[2-(6- 
methylpyridyl)methyl]-N-(2-(ethylthiolato)-amine (MeMEPAH, L*) (Figure 1.1) 
using mass spectrometry with complementary X-ray crystallography. MEPAH 
crystal structures have been reported widely in literature13’18 while no crystal 
structures derived from the MeMEPAH ligand were found. Zinc is one of the 
most prevalent trace elements in the human body. On average, 2-3 g of zinc is 
present inside the body and 300 proteins use zinc in either a structural or 
catalytic role.12 Because of the abundance of zinc, studying Hg(ll) behavior in the 
presence of Zn(ll) has biological relevance.
Figure 1.1 -  Tridentate thiol ligands. N-(2-pyridylmethyl)-N-(2-(ethylthiolato)-amine 
(MEPAH, L) and N-[2-(6-methylpyridyl)methyl]-N-(2-(ethylthiolato)-amine (MeMEPAH, 
L*).
Multidentate mixed donor ligands can be used as synthetic counterparts 
of ligands in metallothionien metal clusters for purposes of metal-protein 
modeling studies. Zinc and mercury both associate with proteins and enzymes 
mainly through histidine and cysteine residues. MEPA and MeMEPA contain 
both thiolate and nitrogen donors with constrained relative orientation and
L
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therefore provide a simple model of a protein-metal triad binding site. Zinc 
coordination chemistry has been extensively investigated with MEPA.13 
Functional zinc in the active site of many enzymes (i.e. liver alcohol 
dehydrogenase and spinach carbonic anhydrase) is usually surrounded by a NxSy 
donor set provided by amino acid residues histidine and cysteine. Brand et al. 
synthesized the tridentate-N,N,S ligand MEPAH capable of forming two fused 
five-membered chelate rings with a metal atom, leaving a fourth position open 
for further coordination to achieve a tetrahedral (MEPA)Zn-X complex meant to 
model the enzyme active sites.13 A myriad of zinc complexes were synthesized 
by changing the non-coordinating anion of the zinc salts including trinuclear 
complexes [MEPA4Zn3]X2 (X = BF4, CI04, N 0 3) and 1:1 complexes (MEPA)ZnX (X = 
Cl, Br, OAc).13 Observed coordination environments included tetrahedral ZnS4, 
octahedral ZnN4S2, trigonal-bipyramidal ZnN2S2CI, and square-pyramidal 
ZnN2S20 .13 The tetrahedral ZnS4 and octahedral ZnN4S2 environments exist in 
the crystal structure depicted in Figure 1.2.
b f; h 2o
Figure 1.2 -  Crystal structure of [Zn3(MEPA)4](BF4) H20
Several crystal structures of other transition metals complexed with 
MEPA have been reported in literature (Figure 1.3). MEPA acts as a N,S- 
bidentate ligand (pyridyl nitrogen is not a donor) in the [Cu(l)(MEPA)]4 complex 
with D2d symmetry.14 The Cu(l) atoms in this complex are directly bound to each 
other. Each thiolate in the structure acts as a donor and as a bridge to the 
neighboring Cu(l) ion forming a six-coordinate Cu(l) center.14 A Pd(ll) crystal with 
a 4:4 metahligand ratio has also been reported. However, in this D4h complex, 
MEPA acts as a N,N,S-tridentate ligand and the metal centers are only connected 
by a bridging sulfur forming four-coordinate Pd(ll) centers.15 A 1:2 cobalt.ligand 
complex has also been crystallized with MEPA acting as a N,N,S-tridentate ligand 
forming a six-coordinate cobalt center with cis octahedral geometry.16 The only 
example of a 1:1 metahligand crystal is provided by a Re(ll) compound 
complexed with the N,N,S-tridentate MEPA and three carbonyl groups to form a 
six-coordinate octahedral center.17
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Figure 1.3 -  MEPA transition metal crystal structures.
The mercury coordination chemistry of MEPAH has also been 
investigated. Bebout eta l. crystallized a novel complex
[Hg5(MEPA)6](CI04)4-toluene (Figure 1.4) with bicylo [3.3.3] Hg5S6 core and four-, 
five-, and six- coordinate metal centers.18 The solution dynamics of this complex 
were explored in CD3CN using temperature-controlled XHNMR. At 60°C, each
9
ligand proton was associated with one sharp resonance. Chemical shift 
differences with free ligand indicated significant metal-ligand interactions. Upon 
cooling, the resonances were exchanged and broadened. At -40°C, three major 
ligand environments were observed, consistent with the crystal structure.18 The 
mass spectrum (using electrospay ionization, ESI) revealed a wide array of ions 
with appropriate isotope distribution, the most prominent being HgMEPA+ and 
Hg2MEPA3+.18 Tandem mass spectrometry and collision-induced dissociation 
energy were used to assign peaks with low relative abundance.18 The ions 
observed belonged to families with compositions [HgnLnXn-i]+ n = 1-4, [HgnLn+iXn. 
2]+ n = 2-5, and [HgnLn.iXn]+ n = 1-3,6.17 Detail on this technique can be found in 
Chapter 2, Section 2.1.
su b a T
SI1AA)
Figure 1.4 -  Perspective view of [Hg5(MEPA)6](CI04)4-toluene. Thermal ellipsoids shown 
at 50% level. Hydrogens, perchlorates and toluene omitted for clarity.
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Table 1.1 -  Selected distances (A) and angles (°) for [Hg5(MEPA)6](CI04)4-toluene.
Selected bond lengths (A) Selected bond angles (°)
Hg(l)-N(1A) 2.499(5) N(2A)-Hg(l)- 160.00(13)
Hg(l)-N(2A) 2.467(6) S(1A)#1
Hg(l)-S(1A) 2.6266(19) N(1A)-Hg(l)- 138.1(2)
Hg(2)-N(1B) 2.550(5) N(1A)#1
Hg(2)-N(2B) 2.385(5) N(1B)-Hg(2)-S(1B) 139.62(12)
Hg(2)-S(1A) 2.4907(17) N(2B)-Hg(2)- 128.16(13)
Hg(2)-S(1B) 2.9152(16) S(1C)#1
Hg(2)-S(lC)#l 2.4668(16) S(lC)-Hg(3)-S(lB) 143.91(5)
Hg(3)-N(lC) 2.410(5) N(lC)-Hg(3)-N(2C) 73.45(17)
Hg(3)-N(2C) 2.410(5)
Hg(3)-S(1B) 2.3711(17)
Hg(3)-S(lC) 2.5336(16)
Besides detection and quantification of ions in solution, mass 
spectrometry (MS) is a powerful, sensitive analytical technique for the study of 
metal environments. ESI-MS has been used to examine metal binding in 
metalloproteins and specifically to determine the purity of a protein and 
examine metalrprotein stoichiometries.19 Electrospray ionization is a soft 
ionization method that preserves covalent bonds and non-covalent interactions 
while transferring analytes from solution to the gas phase allowing whole 
peptides and macromolecules to be detected.20 Stillman et al. isolated rat 
metallothionien Zn7-M T.19 The original mass spectrum obtained identified Zn7- 
MT, mass = 6124 amu, as the sole protein present following isolation and 
purification. Subsequent spectra were taken at low pH (<4) to facilitate 
dissociation of Zn(ll) ions from the protein revealing the molecular masses of the 
demetallated, protonated MT. The species observed were the [MT+3H]3+ (2043),
11
[MT+4H]4+ (1532), [MT+5H]5+ (1226), and [MT+6H]6+ (1022) ions.19 Stillman et 
al., were also the first to report mass spectral information obtained from 
titrations of MT with Hg(ll). At low pH, the ESI-MS data showed that multiple 
stoichiometries of Hgn-M T coexist (n = 7,8,9).19 Stillman et al. concluded that 
this is evidence of stepwise binding of multiple metals to the protein.
ESI-MS has been used to establish metal-protein stoichiometries as well 
as metal-protein affinities. Based on methods used to reliably correct for 
nonspecific binding of neutral, acidic, and basic biomolecules to proteins during 
ESI-MS analysis, Deng et al. postulated that a reference protein that did not bind 
specifically to the protein or ligand of interest could be used to obtain a 
quantitative measure of the nonspecific association of divalent metal ions to 
proteins during ESI-MS.21 They assumed nonspecific metal binding was a 
random process independent of protein size and structure during ESI-MS. Using 
a single-chain variable fragment (scFv), an antibody protein, as a reference 
protein, they used ESI-MS to establish the stoichiometry of calcium in bovine a- 
lactalbumin and calcium ion affinity of bovine P-lactoglobulin.21 These results 
suggest a strategy for establishing proteinrcalcium stoichiometries and protein 
calcium ion affinities that can likely be generalized to other metal ions.
Ligands have been used as synthetic models of proteins for the purposes 
of studying metal-protein interactions. Following this trend, ESI-MS has been 
extended from studying metal-protein interactions to also investigating metal- 
ligand complexes. For example, Arakawa et al. used ESI-MS to study ligand
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substitution reactions of p-oxo ruthenium dimers in solution. Their results 
revealed that ligand liberation was dependent on the ligand species.22 More 
specifically, for the ligands and solvents used in solution, water was easily 
substituted, NH3 was inert against all nucleophiles, and hydroxyl groups were 
only substituted after protonation (or conversion to a water ligand).22 
Elucidation of ligand exchange processes using ESI-MS is directly relevant to the 
zinc triad tridentate ligand study described in this thesis.
ESI-MS characterizations of metastable complexes and transient 
intermediates have also been reported, which are particularly relevant to studies 
of rapidly exchanging ligand systems. Of particular note is a paper from Kim et 
al. which uses ESI-MS to determine molecular compositions of novel transient 
species generated during reactions of non-heme iron complexes with dioxygen 
or peroxides.23 A preliminary mass spectrum was obtained of two reagents in 
solution. Two pre-cooled (using dry ice) syringes containing either precursor or 
peroxide were fed into a pre-cooled "mixing tee" directly before injection in the 
instrument and another spectrum was obtained. Transient intermediates were 
determined by changes in peak heights and appearances of new peaks. 
Collision-induced dissociation energies were also used for characterization of 
peaks. For example, m/z 452 has two possible identies: {Felll(TPA-0)(0tBu)(0H)}+ 
or {Felll(TPA)(OOtBu)(OH)}+, (TPA ) tris(2-pyridylmethyl)amine). Fragmentation 
showed the loss of a ^uO O  which suggested homolysis of Fe-OOlBu bond and 
confirmed the identity of the peak as {Felll(TPA)(OOtBu)(OH)}+.
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This thesis describes studies of metal-ligand exchange processes possibly 
relevant to the toxicological profile of Hg2+. A better understanding of Hg2+ 
exchange processes could lead to the development of more effective chelation 
therapies. ESI-MS was used to explore speciation of zinc triad metals Hg(ll) and 
Zn(ll) in the presence of MEPAH, L and MeMEPAH, L*, two multidentate ligands 
serving as synthetic models of biologically relevant compounds. Recent 1HNMR 
studies with Hg(ll) and MEPA indicated fast ligand exchange at ambient 
temperatures.18 Since ESI-MS has proved useful in characterizing intermediates 
and metastable complexes, this analytical technique was expected to be a viable 
tool for gas phase isolation and characterization of the individual metal-ligand 
species undergoing rapid exchange in solution.
Speciation of solutions with varying mole ratios of Zn:Hg perchlorate salts 
in the presence of the multidentate ligands L and L* were investigated. The goal 
was a qualitative picture of all associations in solution, therefore, a reference 
protein or ligand was not needed to account for nonspecific interactions. 
However, an internal standard, tetraoctylammonium perchlorate 
(N[(CH2)7CH3]4CI04/ Figure 1.5), was added to allow semi-quantitative 
information to be obtained on species in solution. Perchlorate salts were chosen 
because of their availability and ease of solubility compared to halides. Tandem 
mass spectrometry studies using collision-induced dissociation energies were 
used for characterization of peaks. Finally, complimentary X-ray crystallography
14
diffraction studies were used to provide detailed structural characterization of 
species crystallizing from solution.
Figure 1.5 -  TetraoctyI ammonium perchlorate.
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Chapter 2 -  Background on Analytical Techniques
2.1 Mass Spectrometry
Mass spectrometry has been used to study short-lived intermediates and
discover novel transient species.23 Since Hg(ll) undergoes very fast ligand- 
exchange, mass spectrometry is a powerful means of isolating, characterizing, 
and quantifying short-lived Hg(ll)-ligand complexes. This mass spectrometry 
study, along with complimentary crystallography experiments, investigated 
Hg(ll)-ligand complexes in the presence of varying concentrations of a competing 
metal, Zn(ll).
Mass spectrometry (MS) has been a technique used since the early 20th 
century and is still important in industry and research today. The ease and 
availability of MS would not be possible without the work in method and 
instrument development by previous scientists. Originally, MS measured masses 
of atoms and was pivotal in proving the existence of isotopes.24 J. J. Thomson, 
who studied the transmission of electricity through gases, was responsible for 
the invention of MS. In 1906, he was awarded the Nobel Prize for deducing the 
mass of an electron from measurement of its charge/mass (e/m ) ratio.23 Alfred 
Nier, a physicist and electrical engineer, made MS easier to use and therefore, 
more useful to people with less background in mass spectrometry.24 Nier made 
it possible for geochemists to determine the age of the earth by comparing 
isotope concentrations of lead.
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During the 1940s, MS was commercially available and frequently used in 
industry to quantify concentrations of known compounds in solution.24 The 
characterization of unknown compounds in solution became possible thanks to 
the work of McLafferty, Biemann, and Djerassi. Together, they documented 
fragmentation patterns of different classes of organic molecules.24 The 
documentation allowed identification of unknown compounds by relating 
solution spectra to structure. Beimann also led the way in proteomics, the 
identification of amino acid sequence by peptide fragmentation.24 Before 
discovery of Fourier transform (FT) techniques, frequency was held constant and 
the magnetic field was swept leading to long acquisition times. Fourier analysis 
allowed all the ions to be measured at once, changing the experiments from the 
time domain to the frequency domain.24 In 1988, the development of 
electrospray ionization (ESI) allowed macromolecules be studied in the gas 
phase.22 Non-volatile solutes were dissolved in volatile solvents, highly-charged 
droplets of solution were created, and evaporation of the solvent left intact 
gaseous ions of solute.24 The aforementioned developments in mass 
spectrometry have greatly expanded the range of studies that can be conducted.
Two different instruments were used for experimentation performed in 
this thesis: an ion trap mass spectrometer for characterization and a single stage 
quadrupole mass analyzer for quantification. The schematic for the single stage 
quadrupole mass analyzer is shown in Figure 2.1.25 The solution of interest is 
injected and ionized using ESI. ESI is considered a soft ionization source and
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allows molecules to enter the gas phase mostly intact. A voltage of 3-5 kV is 
applied to the solution droplets at the tip of the capillary. The droplets are 
dispersed into an electrically charged aerosol using high-velocity nitrogen gas 
flow. A heated capillary, the curved desolvation line (CDL), extracts ions from 
the aerosol. As solvent evaporates, the size of the droplets decreases while the 
charge density increases. When the Coulomb repulsion force overcomes the 
forces of surface tension, the droplets explode into smaller droplets.
Evaporation of the solvent occurs again and the process is repeated until the 
electric field at the surface becomes high enough for ions to reach the gas phase. 
Monovalent ions are produced. The block heater enhances signal stability and 
aids in ion evaporation from solvent.
Q-array SkimmerBlock heater
Detector
Focus lens
tens Quadrupole rod
Angle Spray
Drain Rotary pump Turbo molecular 
Pump 1
Turbo molecular 
Pump 2
Figure 2 .1 -  Schematic of Q-array -  Oct a pole -  Quadrupole mass analyzer system/
From LC
The lens system optimizes ion transmission from the ionization source to 
the mass analyzer. This particular instrument uses a Q-array-octapole- 
quadrupole mass analyzer system. The Q-arrray focuses ions using three stages 
of high-frequency voltage and the octapole accelerates the ions into the
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quadrupole analyzer. The quadrupole analyzer consists of four hyperbolic rods 
of alternating charge arranged in a square. A fixed positive D.C. voltage is 
applied to one pair of diagonal rods and a fixed negative D.C. voltage is applied 
to the other. Alternating radio frequency (r.f.) potentials are applied resulting in 
a two-dimensional quadrupole electric field that separates ions with different 
mass to charge ratios (m/z). At a given r.f., only ions with a particular m/z have a 
stable trajectory and pass to the detector. As r.f. is varied, different ions are 
brought to the detector and a mass spectrum is built. A schematic of a 
quadrupole mass analyzer is shown in Figure 2.2 and a depiction of separation of 
m/z using a quadrupole is shown in Figure 2.3. After the ions are separated 
according to m/z, they are detected with an electron multiplier tube and the 
amplified signal is then processed by the software.
TO
DETECTORquadrupole rods
exit slit 
(to detector)IONS
ion with a 
stable trajectory 
(detected)
ion with an 
unstable trajectory
source slit
(not detected)
Figure 2 .2 -  Schematic of quadrupole mass analyzer.
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In te n s ity  o f  io n s  th a t  
pass th ro u g h  q u a d ru p o le  
t o  d e te c to r
m /z
Figure 2.3 -  Graph of m /z reaching detector in a quadrupole analyzer. Higher and 
lower m/z (shown in red) with unstable trajectories do not make it to detector. The 
interaction area (shown in yellow) depicts the m/z with the right kinetic energy to reach 
the detector. The area of interaction can be changed by altering the r.f. voltage.
The ion trap instrument, used for characterization, is similar to the single 
stage quadrupole mass analyzer. ESI is used to create ions and an octapole 
focusing element is used to focus ions into a quadrupole ion trap analyzer. The 
trap allows specific m/z to be isolated and subsequent studies to be performed. 
For the purposes of this study, collision-induced dissociation studies were 
performed on m /z species of interest. Neutral helium gas is allowed to collide 
with the ions and excess kinetic energy becomes internal energy allowing bonds 
to be broken and ions to be fragmented. The fragments can be used to identify 
unknown m/z.
2.2 X-ray Crystallography
X-ray crystallography is a powerful technique that has been used to
study a myriad of chemical questions including: interactions of molecules with
each other in the solid state, packing of atoms and molecules, and structural
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identification and confirmation of thousands of compounds and biological 
molecules (i.e. vitamins, drugs, proteins, and nucleic acids). Crystallography was 
used to provide solid state structural information on the metal-ligand 
compounds studied in solution.
Shortly after the discovery of X-rays in 1895 by Rontgen, scientists were 
able to show that a crystal, a three dimensional solid with a regularly repeating 
arrangement of atoms, could diffract X-rays.26 Diffraction was possible because 
of the comparative length between atoms and the wavelength of X-rays. The 
diffraction patterns are used to plot electron density which yields the 
arrangement of atoms in the crystal. X-ray crystallography was first used on 
alkali halide crystals and deduced the chessboard arrangement of anions and 
cations.26 Soon after, the crystal structures of diamond, graphite, and 
hexamethylbenzene were recorded.26 These original crystallography studies 
established tables for standard bond lengths (metallic, ionic, covalent, and 
nonbonded radii) and structural types for elements and ionic compounds.26
A crystal is a repeating array of atoms and/or molecules and the smallest 
repeat unit of the collection of atoms and/or molecules is termed the unit cell. 
Crystals are defined by their edge lengths (a, b, c) and angles (a, 3, y). Crystals 
are also defined by their symmetry and are grouped into the following seven 
crystal systems: cubic, tetragonal, hexagonal, orthorhombic, monoclinic, triclinic, 
and rhombohedral. These crystal systems can be furthered classified based on 
point group symmetry and lattice points (centering). Based on specific points
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within the crystal structure, a crystal can have a primitive lattice (P) with lattice 
points on the eight corners of the unit cell, a body centered lattice (I) with lattice 
points on the eight corners and a point in the center of the unit cell, a face 
centered lattice (F) with lattice points on the eight corners and in the middle of 
all eight faces, and a base centered lattice (C) with lattice points on the eight 
corners and in the middle of the top and bottom faces.27
Arguably the most challenging aspect of X-ray crystallography is growing 
a high quality crystal. High resolution cannot be achieved if the crystals are too 
small or not internally orderly. Crystals described herein were grown using the 
technique of slow evaporation from a binary cosolvent system. A powder, 
synthesized from metal salt and ligand, was dissolved in solvent until the 
solution is slightly more dilute than the saturation point. Aliquots of solution 
were placed in vials. A second solvent with a higher boiling point than the 
original solvent and in which the solute had low or no solubility was added in 
varying percentages to different vials. A vial cap was "finger tightened" to allow 
for slow solvent evaporation. The lower boiling point solvent in which the solute 
was soluble evaporated more quickly than the higher boiling point solvent in 
which the solute was relatively insoluble. As more of the original solvent 
evaporated, the solute becomes more insoluble and, ideally, formed a crystal.
The crystal was mounted and placed in the X-ray diffractometer. The 
crystal was gradually rotated while being bombarded with X-rays. The X-rays 
were diffracted by electron density within the crystal producing a diffraction of
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regularly spaced spots called reflections. These diffractions were expressed by 
the Bragg equation (1).
nA = 2dsin0 (1 )
In the equation, n is a harmonic integer, A represents the wavelength of 
incoming X-rays, d represents the spacing between planes and atoms in the 
crystal, and 0 is the diffraction angle. When this equation is satisfied, diffraction 
occurs. Approximately 4,000 detector images were taken. The reflections were 
compiled to produce an electron density map via Fourier transformation. 
Software interpreted these electron density maps and allowed atoms to be 
assigned. Eventually the structure of the crystal and the unit cell were deduced. 
Atoms were represented by thermal ellipsoids much larger than the actual 
nucleus accounting for the vibrational motion of the atom. The lower the 
temperature of the X-ray crystallography experiment, the lower the vibrational 
motion, therefore the smaller the thermal ellipsoids and the more accurate the 
structure.27
Correlating the solid state structures of Hg(ll) complexes with their 
solution state behavior is important yet extremely difficult. The solid structure 
may be one of many species in solution and is not necessarily a major species. 
The structure may be a minor species forced out of solution because of 
especially low solubility and Le Chatalier equilibrium principles. In physiological 
systems, ligand-exchange mechanisms are involved in uptake, transport, and 
excretion of mercury. Information about ligand-exchange processes can lead to
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better understanding of the biological mechanisms of mercury toxicology. 
Taking advantage of modern analytical techniques can provide information and 
insight into these complicated processes.
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Chapter 3 -  Experimental Procedures
3.1 Synthesis of Compounds
N-(2-mercaptoethyl)picoly!amine (MEPAH)13. A solution of 2-
(aminomethyl)pyridine (9.25 mL, 87 mmol) in toluene (30 mL) was heated to 
reflux under argon. A solution of ethylene sulfide (3.1 mL, 52 mmol) in toluene 
(50 mL) was slowly added dropwise. The boiling solution was stirred for 16 
hours. Absolute ethanol (92 mL) was added and the solvent was removed in 
vacuo. Fractional distillation yielded 3.4 mL of MEPAH (78°C- 8 6 °C, 0.05 mmHg) 
as a colorless liquid. 1HNMR (CD3CN): 1.93 [s, br, 2H, SH and NH], 2.61 [t, 3J = 6  
Hz, 2H, NCH2CH2S], 2.76 [t, 3J = 6  Hz, 2H, NCH2CH2S], 3.83 [s, 2H, pyridine-CH2], 
7.19 [dd, 3J = 6  Hz, 4J = 1 Hz, 1H, pyridine Hp], 7.37 [d, 3J = 4 Hz, 1H, pyridine H6], 
7.69 [td, 3J = 8  Hz, 4J = 2 Hz, 1H, pyridine Hv], 8.49 [d, 3J = 2 ppm, 1H, pyridine Ha].
[Hg(MEPA)]CI04. MEPAH (430 mg, 2.56 mmol) and triethyl amine (359 
pL, 2.56 mmol) were dissolved in CH3OH (190 mL). A solution of Hg(CI04)2-3H20  
(453.49 mg, 2.57 mmol) in CH3OH (30 mL) was added dropwise with stirring. The 
resulting precipitate was stirred for 1 0  min on ice, filtered off through a glass frit 
funnel, and washed with a few milliliters of CH3OH. The white precipitate was 
dried in vacuo (yield 931 mg, 78%). Mp 130°C (decomposed). Anal. Calc for 
C8HnClN20 4SHg: C, 20.55; H, 2.37; N, 6.00. Found: C, 20.46; H, 2.44; N, 6.02. 
*HNMR (CD3CN): 4.14 [bm, NCH2CH2S], 4.421 [bm, NCH2 CH2S], 4.485 [bm, 
pyridine-CH2], 7.54-7.59 [bm, pyridine Hpand H6], 8.017 [bm, pyridine Hv], 8 .57  
[bm, pyridine Ha].
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[Zn3(MEPA)4](C I04)2-2H20 . MEPAH (403 mg, 2.4 mmol) and NaOH (85 
mg, 2.12 mmol) were dissolved in H20  (40 mL). A solution of Zn(Cl04)2-6H20  
(523.7 mg, 1.4 mmol) in H20  (15 mL) was added dropwise with stirring. The 
resulting precipitate was stirred for 30 min, filtered off through a glass frit 
funnel, and washed with a few milliliters of water. The white precipitate was 
dried in vacuo (yield 526 mg, 99%). Mp 200°C (decomposed). Anal. Calc for 
C32H48CI2N8 0 ioS4Zn3: C, 34.93; H, 4.40; N, 10.19. Found: C, 35.90; H, 4.40; N, 
10 .4 1 .1HNMR (CD3CN): 2.65-3.49 [bm, CH2CH2], 3.92-4.08 [bm, 4H, pyridine 
CHH], 4.36-4.48 [bm, 4H, pyridine CHH], 7.35 [t, 3J = 6  Hz, 4H, pyridine Hp], 7.52 
[d, 3J = 4 Hz, 4H, pyridine H§], 7.95 [t, 3J = 8  Hz, 4H, pyridine Hv], 8.07 [d, 3J = 2 Hz, 
4H, pyridine Ha].
[Zn3(MeMEPA)4](C I04)2. MeMEPAH (721 mg, 3.93 mmol) and NaOH (140 
mg, 3.49 mmol) were dissolved in H20  (40 mL). A solution of Zn(CI0 4)2'6 H20  
(1.30 g, 3.49 mmol) in H20  (30 mL) was added dropwise with stirring. The 
resulting precipitate was stirred for 15 min, filtered off through a glass frit 
funnel, and washed with a few milliters of water. The white precipitate was 
dried in vacuo (yield 189 mg, 16%). Mp 140°C (decomposed). Anal. Calc for 
C36H52CI2N8 0 8S4Zn3: C, 38.59; H, 4.68; N, 10.01. Found: C, 37.74; H, 4.67; N, 9.64. 
*HNMR (CD3CN): 2.54 [s, CH2NCH2CH2S], 2.64 [s, CH2NCf/2CH2S], 2.891 [s, 
CH2NCH2CH2S], 4.129 [s, pyridyl methyl], 7.27 [dd, 3J = 7Hz, pyridyl H6], 7.82 [t, 3J 
= 11 Hz, pyridyl Hp].
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N[(CH2)7CH3]4CI0 4 28. N[(CH2)7CH3]4Br (14 mg, 0.025 mmol) was dissolved 
in H20  (183 mL) with heat and stirring. A solution of NaCI04-H20  (9 mg, 0.065 
mmol) in H20  (10 mL) was added. The solvent was filtered off to provide a white 
precipitate (yield 5 mg, 36% yield). Mp 136-138°C. Anal. Calc for C32H68CIN04: C, 
67.85; H, 12.11; N, 2.47. Found: C, 67.88; H, 12.23; N, 2.49. 1HNMR (CD3CN): 
0.82 -  0.94 [bm, NCH2], 1.18 -  1.40 [bm, CH2 CH2], 1.50 -  1.65 [bm, CH2 CH2], 2.12 
-  2.15 [bs, CH2 CH2\, 2.95 -  3.06 [bm, CH2 CH3].
3.2 Solution Preparation
Other compounds necessary for experimentation were synthesized by 
fellow researchers in the lab. Amorphous [Hg(MEPA)](CI04) was initially 
provided by Steve Berry. MeMEPAH and [Hg(MeMEPA)](CI04) precipitate were 
provided by Pei Wang.
3.2.1 -  Ligand Exchange Competition and Collision-Induced Dissociation 
Experiments
A 5 mM solution of [Hg(MEPA)](CI04) (47 mg, 101 pmol) was prepared in 
CH3CN (20 mL). A 5 mM solution with a ZniMEPA ratio of 1:1 was prepared in 
CH3CN (20 mL) by adding [Zn3(MEPA)4](CI04)2-2H20  (26 mg, 0.023 mmol) and 
Zn(CI04)2-6H20  (9 mg, 0.024 mmol). A 0.4 mM solution of the internal standard 
N[(CH2)7CH3]4CI04(5 mg, 0.008 mmol) in CH3CN (20 mL). Nine solutions were 
prepared, shown in Table 3.1, to yield a final concentration of 0.47 mM MEPA' 
and 0.47 mM metals in solution.
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Table 3.1-Ligand Exchange Competition Solutions. Solutions composed of 5 mM 
[Zn(Lig)](CI04), 5 mM [Hg(Lig)](CI04) and 0.4 mM N[(CH2)7CH3]4CI04 (internal standard) in 
CH3CN prepared for the ligand exchange competition and collision induced dissocation 
experiments.
Mole % 
Zn
Volume 5mM 
[Zn(Lig)](CI04) 
(pL)
Mole % 
Hg
Volume 5mM 
[Hg(Lig)](CI04) 
(pL)
Volume 
0.4 mM 
Internal 
Standard 
(PL)
Volume
CH3CN
(mL)
1 1 0 0 . 500.0 - - 2 0 . 0 4.80
2 87.5 437.5 12.5 62.5 2 0 . 0 4.80
3 75.0 375.0 25.0 125.0 2 0 . 0 4.80
4 62.5 312.5 37.5 187.5 2 0 . 0 4.80
5 50.0 250.0 50.0 250.0 2 0 . 0 4.80
6 37.5 187.5 62.5 312.5 2 0 . 0 4.80
7 25.0 125.0 75.0 375.0 2 0 . 0 4.80
8 12.5 62.5 87.5 437.5 2 0 . 0 4.80
9 - - 1 0 0 . 500.0 2 0 . 0 4.80
A 5  mM solution of [Hg(MeMEPA)](CI04) (48 mg, 1 0 1  pmol) was prepared in 
CH3CN (20 mL). A 5 mM solution with a Zn.MeMEPA ratio of 1:1 was prepared 
in CH3CN (20 mL) by adding [Zn3(MeMEPA)4](Cl0 4)2 (28 mg, 0.025 mmol) and 
Zn(CI04)2-6H20  (10 mg, 0.028 mmol). Using the 0.4 mM internal standard 
solution already prepared, the nine solutions shown in Table 3.1 were mixed 
using the MeMEPAH solutions.
3.2.2 -  ESI-MS Fluctuation Control Experiment
Four solutions were prepared in 8  mL vials. To a vial was added 0.4 mM  
internal standard solution in CH3CN (20.0 pL), 5 mM [Zn(MEPA)](CI04) solution in 
CH 3 CN (106.4 pL) and CH 3 CN (5.2 mL) to yield a 0.1 mM solution of 
[Zn(MEPA)](CI04). To a second vial was added 0.4 mM internal standard solution 
in CH 3 CN (20.0 pL), 5 mM [Zn(MEPA)](CI04) solution in CH3CN (532.0 pL) and 
CH3CN (4.8 mL) to yield a 0.5 mM solution of [Zn(MEPA)](CI04). To a third vial
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was added 0.4 mM internal standard solution in CH3CN (20.0 pL), 5 mM  
[Hg(MEPA)](CI04) solution in CH3CN (106.4 pL) and CH3CN (5.2 mL) to yield a 0.1 
mM solution of [Hg(MEPA)](Cl04). To a fourth and final vial was added 0.4 mM  
internal standard solution in CH3CN (20.0 pL), 5 mM [Hg(MEPA)](CI04) solution in 
CH3CN (532.0 pL) and CH3CN (4.8 mL) to yield a 0.5 mM solution of 
[Hg(MEPA)](CI04).
3.2.3 -  XHNMR Control Experiment
In order to perform 1HNMR experiments, 5 mM [Zn(MEPA)](CI04) and 5 
mM [Hg(MEPA)](Cl04) solutions were prepared in CD3CN. A 5 mM solution of 
[Hg(MEPA)](CI04) (12 mg, 0.020 mmol) was prepared in CD3CN (5 mL). A 5 
mM solution with a Zn:MeMEPA ratio of 1:1 was prepared in CD3CN (4.1 mL) by 
adding [Zn3(MEPA)4](CI04)2-2H20  (6  mg, 0.005 mmol) and Zn(CI04)2-6H20  (4 mg, 
0.009 mmol). Solutions 2, 5, and 8 from Table 3.1 were prepared using 
deuterated solvent and deuterated metal-ligand solutions for each respective 
metal to run on VT-NMR.
3.3 Instrument Parameters
3.3.1 -  Ligand Exchange Competition
The experiment was performed in a commercial liquid chromatograph- 
mass spectrometer (Shimadzu 2010 EV LC-MS). Solutions were directly injected 
from a 500 pL Hamilton Gastight® syringe into an electrospray ionization source 
using an automated syringe pump at a flow rate of 800 pL/hr. The CDL
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temperature was held at 250°C and the heat block temperature was held at 
200°C. The nebulizing gas flow was set at 0.5 L/min and the detector voltage 
was 1.5 kV. Scans were acquired in positive ion mode for one minute over the 
m/z range 200-1400. Each respective solution was injected into the ionization 
source for a period of 30 minutes and six spectra were taken (approximately one 
every five minutes). An example of a spectrum taken is shown in Figure 3.1. The 
peak heights were normalized setting the sum of the isotope peak heights of the 
internal standard (m/z 466-468) to one. The normalized isotope peak heights 
were averaged over the six spectra obtained.
fcventn: 1 bcanlt+J Het. I m e: U.UUU 5can8:l
7.0- 1,614 Rel. Wen. 0.24
466
Internal Standard
5.0-
4.0-
600312
905409 536
40) ™ 130012001000 1100900700 800300 600500
Figure 3.1 -Spectrum from the Shimadzu 2010 EVLC-MS. An example of one of six spectra obtained over a 
30 minute time period.
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3.3.2 -  Collision-Induced Dissociation Experiment
All experiments were performed in a commercial ion trap mass 
spectrometer (LCQ-DECA Finnigan) equipped with an external electrospray 
ionization source. Solutions of compounds were prepared as shown in Table 3.1. 
Solutions were injected from a 500 pL Hamilton Gastight® syringe into the 
electrospray ionization source using an automated syringe pump at a flow rate of 
800 pL/hr. The heated capillary was maintained at 125°C. Scans were acquired 
in positive ion mode for one minute over the m/z range 200-1200. Peaks with 
multiple possible identities were isolated within the ion trap and collision- 
induced dissociation was performed. The isolated ions were allowed to collide 
with neutral helium molecules of various energies causing the breaking of ionic 
and coordinate covalent bonds resulting in fragmentation of molecular ions. An 
example of the full spectrum, the isolated spectrum, and the fragmentation 
spectrum are shown in Figures 3.2-3.4. From these fragments, peak identities 
were assigned.
3.3.3 -  ESI-MS Fluctuation Control Experiment
The experiment was performed in a commercial liquid chromatograph- 
mass spectrometer (Shimadzu 2010 EV LC-MS). Solutions were injected into an 
electrospray ionization source via a 500 pL Hamilton Gastight® syringe by an 
automated syringe pump at a flow rate of 800 pL/hr. The settings were the 
same as those used in 3.3.1 Ligand Exchange Competition. Each solution was 
injected for a 30 minute time period and six spectra in positive ion mode were
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obtained (one approximately every five minutes). The peak heights were 
normalized setting the sum of the isotope peak heights of the internal standard 
(m /z 466-468) to one.
3.3.4 -  XHNMR Control Experiment
The experiment was performed on a Varian Mercury 400 MHz nuclear 
magnetic resonance (NMR) spectrometer. Each solution was prepared 
immediately before the tube was inserted into the NMR. The temperature was 
held at 20°C for all experiments.
On day one 320 scans were taken for each solution. The solutions were 
pipetted from the NMR tubes into small Eppendorf pipets and incubated for 
three days using a metal heat block on setting 5 (50°C). After the incubation 
period, solutions were pipetted back into NMR tubes, inserted into the 
instrument, and 320 scans were taken.
3.4 Recrystallization of compounds
[Zn3(MEPA)4](C I04)2 (1). [Zn3(MEPA)4](Cl0 4 )2-2 H20  precipitate (107 mg, 
0.097 mmol) was dissolved in CH3CN (95 mL) and was equally pipetted into 
fifteen 20 mL vials. Toluene was added as a cosolvent in the proportions shown 
in Table 3.2. Slow evaporation of vials 6 ,1 4 , and 15 provided colorless crystals of 
1  in 1 0 % yield.
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Table 3.2 -  Recrystallization of Zn3MEPA4(CI0 4 )2-2 H20
Volume CH3CIM Volume toluene
Vial solution (mL) (mL) % Toluene by
volume
~ 1-5 6  4 40
5-10 6  6  50
10-15 6  9 60
[Zn2Hg (MEPA)4](C I04)2 (2). [Zn3(MEPA)4](CI04)2-2H20  (70 mg, 0.064 
mmol) and[Hg(MEPA)](CI04) (32 mg, 0.069 mmol) were dissolved in CH3CN (35 
mL) and the solution was pipetted into fifteen 8  mL vials. Toluene was added as 
the cosolvent in the proportions shown in Table 3.3. Slow evaporation of vials 2, 
3, 6 , 7, and 10-12 provided colorless crystals of 2 in low yield. Mp 156°C 
(decomposed).
Table 3.3 -  Recrystallization of [Zn2Hg(MEPA)4](CI0 4 )2*2 H20  and [Hg(MEPA)](CI04).
The mole ratio of Zn2+to Hg2+ in solution for this recrystallization was 75:25.
Volume CH3CN Volume toluene
Vial solution (mL) (mL) % Toluene by
________________________________________________________  volume
1-5 3 4^ 5 60
5-10 2 3.7 65
10-15 2 4.7 70
Data were collected at -173 °C on a Bruker SMART Apex II diffractometer 
using graphite-monochromated Cu Ka radiation. Details of each crystal are 
shown in Table 3.4.
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Table 3.4 -  Crystallographic Details
1 2
empirical formula C32H44N8S4 Zn3-CI2 Os C37.5H51N9S4Zn2Hg-
Cl20 4
fw 1146.11 1286.34
space group Pna21 P I
crystal size (mm) 0.18x0.24x0.08 0.38x0.18x0.18
a (A) 19.6145(5) 10.2995(3)
b (A) 15.4076(4) 14.7078(4)
c (A) 16.3628(4) 16.5684(4)
a (cleg) 90 87.0790(10)
3 (cleg) 90 87.966(3)
Y (deg) 90 75.6540(10)
V(A3) 4945.0(2) 2427.73
Z 4 2
dcaic (mg/m3) 1.539 1.760
p (m m 1) 4.745 9.814
T(K) 1 0 0 (2 ) 1 0 0 (2 )
Rl° 0.0246 0.041
R2b 0.0248 0.0434
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Chapter 4 -  Results and Discussion
Recent studies of the Hg(ll) coordination chemistry of MEPA provided 
structural characterization of a synthetic model of Hg(ll)-metallothionein and 
mass spectrometric characterization of [HgnLnXn-i]+, [HgnLn+iXn-2]+, and [HgnLn. 
iXn]+ families of complexes.18 In crystallographic studies, the metaliligand 
stoichiometry of Zn(ll) complexes of MEPA varied with the nature of the 
counterion .13 These studies suggest that MEPA could also be used to model 
mixed metal metallothioneins. An ESI-MS study was designed to investigate 
changes in the speciation of the Zn.Hg.MEPA system as well as a similar 
Zn:Hg:MeMEPA system as a function of Zn/Hg.
4.1 1HNMR Control Experiment
While rapid exchange of simple ligands between divalent zinc triad metal 
ions is well established, some multidentate ligands have been observed to 
exchange slowly between metal ions. To simplify speciation analysis, 
thermodynamically equilibrated samples were desired. Non-equilibrated 
solutions would have continuously changing composition, making it much more 
difficult to obtain accurate and consistent mass spectrometry data. To assess 
the equilibration time of mixed metal solutions, 1HNMR spectra were recorded 
for three solutions spanning the ratio range of Zn:Hg immediately after mixing 
CD3CN solutions of Hg-MEPA and Zn-MEPA and after the mixed solutions were 
incubated at 50°C for a period of four days (Figure 4.1).
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Figure 4.1 -  1HNMR Spectra Control Experiment. 1HNMR spectra (Varian Mercury-VX at 
20°C, 320 scans in CD3CN) of solutions containing nominally 0.500 mM MEPA and 
indicated mole ratios of Zn(ll):Hg(ll):MEPA before and after the solutions were 
incubated at 50°Cfor a period of four days: 7:1:8 pre-incubation (a) and post-incubation 
(b), 1:1:1 pre-incubation (c) and post-incubation (d), and 1:7:8 pre-incubation (e) and 
post-incubation (f).
The NMR control experiment was conducted on solutions containing 0.500 mM 
MEPA to replicate the conditions of the ESI-MS experiment resulting in 1HNMR spectra 
with low resolution. Solutions run through the mass spectrometer must be 
dilute and the same concentrations were used in this control experiment for 
consistency. Changing the concentration of metal and ligand in solution could 
change the speciation and the equilibration time, thereby providing misleading 
results. Peak position and intensity remain qualitatively similar between each 
respective group of solutions before and after prolonged incubation at 50°C. 
Based on the qualitative similarity of the 1HNMR spectra, thermodynamic 
equilibrium is reached practically instantaneously upon mixing. Therefore, time 
of injection into the mass spectrometer after solution preparation is irrelevant
for the Zn:Hg:MEPA solutions. Since MeMEPA is also a NN'S tridentate donor
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with roughly the same structure and size, it was assumed that MeMEPA 
solutions would also reach thermal equilibrium upon mixing.
4.2 ESI-MS Fluctuation Control Experiment
The ion count for a given species in a single solution varies considerably 
during the injection period for a single sample, therefore a control experiment 
was performed to quantify the fluctuation. Since both Zn-MEPA and Hg-MEPA 
solutions were used for the ligand-exchange experiment, selected species from  
both solutions were examined for fluctuation. Concentrations of 0.1 mM and 0.5 
mM were used to account for variations in species abundance likely to occur in 
the nine solutions planned for ligand-exchange competition studies (see Table
3.1). Graphs of ion count vs. time were constructed for three different species of 
each metal ion at both concentrations appearing across the range m/z 2 0 0  -  
1400. Values of m/z were rounded to the nearest whole number. Mercury 
species studied were [Hg(MEPA)]+ (m/z 363-374, most abundant Hg species), 
[Hg2(MEPA)3]+ (m/z 895-912), and [Hg3(MEPA)3](CI0 4)2+ (m/z 1293-1315) (Figure
4.2). For zinc, the species plotted were [Zn(MEPA)]+ (m/z 231-239), 
[Zn2(MEPA)](CI0 4)2+ (m/z 493-507, most abundant Zn species), and 
[Zn3(MEPA)3](CI04)2+ (m/z 891-909) (Figure 4.3). In both figures, 0.1 mM solution 
ion counts are shown in blue and 0.5 mM solution ion counts are shown in red. 
Dashed lines represent the average, excluding outliers, of the respective data 
series.
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Figure 4.2 -  Fluctuation Control Experiment for [Hg(MEPA)]CI04: Ion Count vs. Time. 
Normalized data for a 0.1 mM [Hg(MEPA)]CI04 solution (blue) and 0.5 mM 
[Hg(MEPA)]CI04 solution (red) for m/z: (a) [Hg(MEPA)]+ m/z 363-374, (b) [Hg2(MEPA)3]+ 
m/z 905, and (c) [Hg3(MEPA)3](CI0 4)2+ m/z 1293-1315. The dashed lines represent the 
average for each respective data set.
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Figure 4.3 -  Fluctuation Control Experiment for [  Zn(MEPA)]CI04: Ion Count vs. Time. 
Normalized data for a 0.1 mM [Zn(MEPA)]CI04 solution (blue) and a 0.5 mM 
[Zn(MEPA)]CI04 solution (red) for m/z: (a) [Zn(MEPA)]+ m/z 231-239, (b) 
[Zn2(MEPA)](CI04)2+ m/z 493-507, and (c) [Zn3(MEPA)3](CI04)2+ m/z 895. The dashed 
lines represent the average for each respective data set.
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Tetraoctylammonium perchlorate, N[(CH2)7CH3]4CI0 4  was added to each 
solution as an internal standard. A perchlorate salt was chosen to avoid 
induction of an additional non-coordinating anion and further complication of 
the mass spectra. Qualitatively, a single peak at m/z 466 corresponding to the 
tetraoctylammonium ion was the only change in the ESI-MS of 0.5 mM  
[Hg(MEPA)]CI04 with and without the ammonium perchlorate internal standard 
and the distribution of other species in solution was unaffected (Figure 4.4). The 
concentration of internal standard, 0.002 mM, was chosen to obtain peak height 
roughly 75% of the base peak, m/z 369. The internal standard peak heights (m/z 
468-488) were used to normalize each solution's data set so that the sum of the 
isotope peaks heights for the ammonium perchlorate equals one. As expected, 
for multinuclear species all the individual normalized ion counts for 0.5 mM  
solutions were typically greater than all the individual normalized ion counts for 
0.1 mM solutions and vice versa. In contrast, this trend was reversed for the 
mononuclear metal complexes, consistent with dissociation of multinuclear 
complexes at low concentrations.
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Figure 4.4 -  ESI-MS of Internal Standard. ESI-MS spectra of 0.5 mM [Hg(MEPA)](CI04) 
w ithout internal standard (top) and with 0.4 mM tetraoctylammonium perchlorate (20 
|il_), internal standard.
To account for ion count fluctuations, six scans over a 30 minute interval 
were taken for each solution in the ligand exchange experiment. The m/z values 
were averaged, normalized to the internal standard, and tested for outliers using 
a Q-test to achieve an adequate depiction of speciation in solution. An outlier is 
any data point that is numerically distant from the rest of the data set. The 
presence of outliers is determined by comparing a calculated "Q" value, Qcaic, to 
a value retrieved from a table, Qtabie- Q^ic for a given data set xi, x2, x3...xn was 
determined using equation (2 ).
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Qcalc = (x2 - X i ) / ( x n - X i )  (2)
If Qcaic > Qtabie, the value is rejected and deemed an outlier. A 95% confidence 
interval was used when reading Q-values off the table. After using the Q-test on 
each data set, testing both the upper and lower extremes, four outliers were 
found and discarded when calculating the average of the data set (4.2a t=5 and 
20, 4.3b t=5, 4.3c t=30). A data point is missing in Figure 4.3c t=25min because 
no value was recorded in the mass spectrum for the peak used to calculate ion 
count, m/z 895. The method of using a single peak to calculate ion count for an 
entire mass range is explained later in this section.
As part of this control experiment, an approach to calculating ion count 
for species with overlapping m/z ranges was developed. In the case of the 
MEPAH ligand, there is one instance where an abundant zinc and an abundant 
mercury species have overlapping m/z values, [Zn3(MEPA)3](CI0 4)2+ (m/z 891- 
909) vs. [Hg2(MEPA)3]+ (m/z 895-912). The theoretical isotope distributions for 
these complexes are shown in Figure 4.5. Similar overlap also occurs for related 
MeMEPAH complexes. The m/z value 895 was used to calculate ion count for 
[Zn3(MEPA)3](CI04)2+ (Zn complex isotopic distribution = 16%, Hg complex 
isotopic distribution = 0.02%) and m/z value 905 was used for [Hg2(MEPA)3]+ (Hg 
complex isotopic distribution = 12%, Zn complex isotopic distribution = 0.81%). 
Estimated ion counts for the individual species were determined algebraically 
and then theoretical isotope abundances were used to generate a value for the 
summation of all isotope peak heights for direct comparison with other ion
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counts for other complexes. Fluctuations in the estimated ion counts calculated 
from  a single peak for overlapping species were comparable to  fluctuations in 
total ion counts based on summation of isotope peaks for an individual species. 
Therefore, this approach was deemed valid for qualitative solution speciation 
analysis.
Zn3(MEPA)3(CI04)2 Hg2(MEPA)3
Mass % Mass %
890 0
891 25.1
892 7.8
893 64.3
894 26.2
895 98.2
896 42
897 1 0 0
898 43.7
899 74.4
900 31.7
901 41
902 16.6
903 16.8
904 6 .2
905 4.9
906 1 .6
907 1
908 0.3
909 0 .1
910 0
894 0
895 0 .1
896 0 .2
897 4.3
898 14.8
899 34.7
900 53
901 81
902 92
903 10 0
904 75.9
905 76.1
906 33.3
907 30
908 9.2
909 5.9
910 1.5
911 0 .6
912 0 .1
913 0
Figure 4.5 -  Isotope Distribution Tables for Ions [Zn3 (MEPA)s](CIO4 ) 2  and 
[Hg2 (MEPA)3j *. Because of overlap in isotope pattern between the two species, single 
peaks were used to provide a qualitative estimate of the summation of the isotope peak 
heights. For [Zn3(MEPA)3](CI04)2+ m/z 895 was used and for [Hg2(MEPA)3]+ m/z 905 was 
used.
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By discarding outliers, average ion counts with reasonable standard 
deviations were obtained (Table 4.1). Average ion counts for the complexes 
examined were not a simple function of concentration, consistent with the 
speciation trends expected for this type of system. The magnitude of observed 
fluctuations appeared m/z independent.
Table 4.1 -  Normalized Ion Count Averages for Zinc and Mercury MEPA species.
Tabulated averages taken from Figures 4.2 and 4.3.
Species 0.1 mM 0.5 mM
[Hg(MEPA)]+ 2.4(7) 1.279(9)
[Hg2(MEPA)3]+ 0.05(3) 0.3(2)
[Hg3(MEPA)3](CI04)2+ 0.019(6) 0.04(16)
[Zn(MEPA)]+ 0.5(16) 0.33(7)
[Zn2(MEPA)](CI04)2+ 0.7(12) 0.9(12)
[Zn3(MEPA)3](CI04)2+ 0.3(2) 0.98(8)
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4.3 Species Confirmation by Collision-Induced Dissociation Energy (CID)
All peak assignments were confirmed by CID using an ion trap mass 
spectrometer. This was particularly important for m/z species with two possible 
identities. The species of interests, the possible identities, and the fragment ions 
produced by CID are shown in Table 4.2.
Table 4.2 -  Fragmentation of Unidentified Ions. Actual identity of ions shown in bold.
Peak Possible ID Fragments
565 [Zn2(MEPA)2](CI04)+
[ZnHg](Cl04)3+
[Zn(MEPA)]+
633
699
[ZnHg(MEPA)](CI04)2+
[Zn2(MEPA)3]+
[ZnHg(MEPA)2](Cl04)+
[Hg2(CI04)3]
[Zn(MEPA)]+
[Hg(MEPA)]+
[Zn2(MEPA)2](CI04)+
[Hg(MEPA)]+
767
897
1031
1167
[ZnHg(MEPA)3]+
[Hg2(MEPA)](CI04)2+
[Zn3( M E PA)3] (CI04)2+
[Zn2Hg(MEPA)](CI04)4+
[Zn2Hg(MEPA)3](CI04)2+
[Zn3(MEPA)5]+
[Zn2Hg(MEPA)5]+
[Hg3(MEPA)](Cl04)4 +
[Zn(MEPA)]+
[Hg(MEPA)]+
[Zn2(MEPA)2](CI04)+
[Hg(MEPA)]+
[ZnHg(MEPA)2]CI04+
[Hg(MEPA)]+
[ZnHg(MEPA)2](CI04)+
[Hg2(MEPA)2]CI04+
The identities of all species in question were successfully deduced using 
the fragment patterns and the relative concentrations of peaks in solutions 1 and
9 (which were either 100 mole percent Zn or 100 mole percent Hg respectively).
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For example, m/z 565 had a high concentration in solution 1. Therefore, before 
any CID experiments were done, it was postulated that this species was 
[Zn2(MEPA)2]CI0 4 + as opposed to [ZnHg](CI04)3+. The CID experiment yielded a 
single fragment, with m/z 231 corresponding to [Zn(MEPA)]+. Assignment of m/z 
565 to [ZnHg](CI04)3+ is precluded because this ion does not contain any ligand 
therefore it cannot generate [Zn(MEPA)]+ as a fragment. Similarily, since the ion 
count for m/z 699 is very low in solution 9, the mixed metal ion 
[ZnHg(MEPA)2]C I04+ is favored over [Hg2](CI04)3+. Furthermore, CID on m/z 699 
produced a fragment with m/z 369 corresponding to [Hg(MEPA)]+ confirming the 
assignment. Similarly, the concentration of m/z 897 is relatively high in solution 
1 and is most likely the single metal zinc species. The single fragment produced, 
[Zn2(MEPA)]2CI04+, also points to the zinc species where the corresponding 
neutral species would be [Zn(MEPA)]CI04.
The remaining species were easy to identify based on the fragments. It is 
important to note that the fragmentation pattern remained constant for each 
m/z species throughout the different solutions. Since fragmentation patterns 
were not observed, each m /z was treated as a single species. The spectra of the 
fragment patterns for each respective species are shown in Figure 4.6.
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Figure 4 .6 -  CID spectra for Hg(ll) and Zn(ll) MEPAH species. Fragmentation patterns 
for the following ions: m/z 565 (a), m/z 633 (b), m/z 699 (c), m/z 767 (d), m/z 897 (e), 
m/z 1031 (f), m/z 1167(g).
4.4 Ligand Exchange Competition Experiment
Solution speciation of Zn(ll):Hg(ll):Lig was studied using ESI-MS. Mole 
ratio of Zn(ll):Hg(ll) was varied and the overall concentration of ligand was kept 
constant. Six scans over a 30 minute time span were normalized to the internal 
standard, tetraoctylammonium perchlorate, and the normalized peak heights 
were averaged. The averaged peak heights of species in solution were plotted 
vs. time for MEPA (Figure 4.7) and MeMEPA (Figure 4.8).
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Both single metal and mixed metal species were observed in solution. 
Families of ions for ZnL species consisted of [M nLnXn-i]+ n = 1-3, and [M nLn_iXn]+ n 
=2 while ZnL* species only consisted of [M nLnXn.i]+ n = 1-3. The [M 2LX2]+ species 
may not be observed for L* because of the sterics of an extra methyl group. 
Families of ions for HgL species included [M nLnXn-i]+ n = 1-3, and [M nLn+iXn-2]+ n = 
2. Species observed for HgL* were the same excluding the [M 3L3X2]+ species. As 
expected, as the mole ratio of Zn:Hg decreased, the abundance of Zn(ll) species 
in solution decreased while the abundance of Hg(ll) species in solution increased. 
An overall trend observed for the single metal species was the propensity for 
Hg(ll) to bind to more Lig than Zn(ll). Zn(ll) has a higher effective nuclear charge 
than Hg(ll) making the metal ion "harder" and less able to be polarized. Sulfur, 
contained in the thiolate ligand, is "soft" and easily polarized therefore, 
according to hard-soft acid base theory, is more attracted to the "softer" Hg(ll) 
ion.
Overall, MEPA solutions contained a higher number of mixed metal 
species than MeMEPA. Mixed metal L families of ions included [M nLn-iXn]+ n = 2, 
[M nLnXn-i]+ n = 2,3, [M nLn+iXn-2]+ n = 2, and an ion not observed with single metal 
species [M nLn+2Xn.3]+ n = 3. Only two mixed metal species were observed for L*: 
[M 2L2X]+ and [M 2L3]+. The relatively lower number of species for L* could be 
accounted for by the sterics added by the extra methyl group in the ligand's 
structure. In all cases were M > 2, the observed species had a Zn2Hg core as 
opposed to Hg2Zn. This can be attributed to both size and affinity for the
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thiolate ligand. Two Hg(ll) ions are much larger than two Zn(ll) ions. Also, the 
affinity for Hg(ll) ions for the ligand is greater than the affinity of Zn(ll) for the 
ligand. A second Hg(ll) ion may prefer to bind to another ligand species as 
opposed to sharing electron density of a species with another Hg(ll) ion. The 
mole ratio for the maximum concentration of each respective species varies. An 
overall trend seen is that the mole ratio of Zn:Hg for the maximum concentration 
of [M nLnXn-i]+ species is consistently lower than the Zn:Hg mole ratio for the 
maximum concentration of other families of ions.
Previous ESI-MS studies of HgMEPA species yielded the following family 
of ions in solution when the original solute contained a 5:6 metahligand ratio: 
[M nLnXn-i]+ n = 1-4, [M nLn+iXn-2]+ n = 2-5, and [M nLn.iXn]+ n = 1-3,6.18 In this 
current study, starting with a metahligand ratio of 1:1, much less speciation was 
observed and [M nLn.iXn]+ was not even seen. Also, the relative abundance of 
species in solution changed. In the 5:6 metahligand solution [HgL]+ > [Hg2L3]+ > 
[Hg2L2X]+. For both L and L* in the 1:1 metahligand solutions [HgLig]+ > 
[Hg2Lig2X]+ > [Hg2Lig3]+. Interestingly, for both ligands, Zn2LigX2+ was the most 
abundant zinc species and HgLig+ was the most abundant mercury species. This 
observation may provide insight into how the respective metals bind and 
coordinate to metallothionein. An erratic trend to note, seen with all HgL 
species and one HgL* species (HgL*+), was a relatively dramatic drop in relative 
abundance for solution 8. This same drop in abundance was not detected in the
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zinc or mixed metal species. There was also a detectable amount of HgL+ in 
solution 1 which may be explained by residual ions in the instrument.
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Figure 4 .7 -  Speciation of Hg and Zn in the presence of MEPA, L: Normalized peak 
height vs. mole % Zn. (a) single metal zinc species (b) single metal mercury species and 
(c) mixed metal species.
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Figure 4.8 -  Speciation of Hg and Zn in the presence of Me MEPAH, L*: Normalized 
peak height vs. mole % Zn. (a) single metal zinc species (b) single metal mercury species 
and (c) mixed metal species.
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4.5 Crystallography
The trinuclear crystal [Zn3(MEPA)4](CI04)2, 1 (Figure 4.9), was 
recrystallized from a 3:4 ZniMEPA powder via slow evaporation using binary 
cosolvents toluene and acetonitrile. The unit cell is orthorhombic with a  = |3 = y 
= 90° and contains three 2-fold axes. MEPA serves as a tridentate N,N',S donor 
and also provides bridging thiolates to yield two distinct Zn environments. Zn l 
has distorted tetrahedral coordination environment with average Zn-S bond 
length 2.3398A. Zn2 has N2N'2S2 trans octahedral geometry with N2 and N4 in 
the axial positions and Si, S2, Ni, and N3 in the equatorial positions. The average 
Zn-S bond length is 2.5533A, which is considerably longer than the lower 
coordination number Zn-S bond length. The longer bond length is consistent 
with previously reported Zn-S octahedral environments.13 Zn-S octahedral 
environments are rare perhaps because of weaker bonds between zinc and 
sulfur. Bond lengths for Zn-N range from 2.1259(19)A-2.239(2)A with an average 
length of 2.1733(45)A. The crystal has S4 symmetry because of the collinear Zn 
ions and the perpendicular Zn2S2 planes. A strikingly similar crystal was 
previously reported by Brand et al. with the same [Zn3(MEPA)4] core but N 0 3~ as 
the non-coordinating anion.13 The coordination geometries of the Zn ions and 
the overall symmetry are the same. Average bond lengths are slightly different 
but have the same overall trends: Znl-S 2.347(3)A, Zn2-S 2.602(3)A, and Zn2-N 
2.1583A.13 Changing the non-coordinating anion did not overtly change the 
crystal structure. Brand et al. also reported a 1:2 Zn:MEPA crystal with 4-
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coordinate N '2S2 seesaw center where the pyridyl nitrogens are not involved in 
ligand dona tion .13
C6
C3C5
C7 N2
C8 N1 C2S I
C9Znl
Zn2|
S2 N3 CIO
C16 N4 C13 C l l
C15
C14
Figure 4.9 -  Perspective view of [Zn3(MEPA)4](C104)2 (1). Hydrogens and perchlorates 
omitted for clarity. Ellipsoids are at 50% probability.
Table 4.3 -  Selected distances (A) and angles (°) for [Zn3(MEPA)4](CI0 4 )2 (l).
Selected bond lengths (A) Selected bond angles (°)
101.07(2)
90.05(2)
177.40(7)
100.23(8)
77.60(8)
77.25(8)
101.12(8)
86.97(8)
98.50(6)
83.65(6)
161.26(6)
96.51(6)
83.21(6)
98.27(6)
92.84(6)
160.09(6)
Z n (l)-S (l) 2.3380(7) S(l)-Zn(l)-S(2) 
S(l)-Zn(2) -S(2)
Zn(l)-S (2) 2.3416(7) N(2)-Zn(2)-N(4)
N(2)-Zn(2)-N(3)
Zn(2) — S(l) 2.5151(7) N(4)-Zn(2)-N(3)
N(2)-Zn(2)-N(l)
Zn(2)-S(2) 2.5915(7) N(4)-Zn(2)-N(l)
N(3)-Zn(2)-N(l)
Zn(2) -  N(l) 2.239(2) N(2)-Zn(2)-S(l)
N(4)-Zn(2)-S(l)
Zn(2)-N(2) 2.1259(19) N(3)-Zn(2)-S(l)
N(l)-Zn(2)-S(l)
Zn(2) — N(3) 2.193(2) N(2)-Zn(2)-S(2)
N(4)-Zn(2)-S(2)
Zn(2) -  N(4) 2.1350(19) N(3)-Zn(2)-S(2)
N(l)-Zn(2)-S(2)
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The novel mixed metal crystalline complex 
[Zn2Hg(MEPA)4](CI0 4 )2-CH3CN'toluene, 2 (Figure 4.10) was formed from a 3:1:4 
solution of Zn:Hg:MEPA via slow evaporation using binary cosolvents toluene 
and acetonitrile. The unit cell is triclinic where there are no equivalent lengths 
or angles and no symmetry axis. The crystal appears very similar to 1 with a Hg 
replacing the center Zn. Hgl has S4 distorted tetrahedral geometry with average 
Hg-S 2.5228(62)A. The longer Hg-S bond lengths vs. Znl-S bond lengths seen in 1 
is most likely attributed to the larger radius of the Hg ion with respect to the Zn 
ion. The slighty longer terminal Zn-S bonds in 2 vs. 1 is most likely due to 
mercury's strong affinity to sulfur pulling the atom closer to the center of the 
molecule. A similar NN'S2 distorted tetrahedral Hg center was reported in a 
[Hg5(MEPA)6] complex.18 In 2, Z n l has N2N'2S2 pseudo-octahedral geometry with 
axial N2 and N4 and equatorial Si, S2, N1# and N3. The average Znl-S bond length 
is 2.5469(12)A which is slightly shorter to the Zn2-S bond lengths seen in 1 
which, again, can most likely be attributed to the relative size of the Hg center. 
Znl-N  bond lengths range from 2.157(4)A-2.205(4)A with an average of 2.185(9), 
slightly longer than Zn2-N bond lengths in 1. It is not surprising that the addition 
of Hg ion to the solution used to crystallize 1 would form 2. The center position 
is ideal for Hg to occupy because of Hg affinity for sulfur atoms and because of 
sterics; the center position provides space for the Hg atom to occupy.
Previously, a handful of trinculear mixed transition metal crystals with a 
central Hg(ll) and bridging sulfurs have been reported with cobalt, platinum,
55
iron, nickel and tungsten29'36. All o f the m ercury centers had four-coord inate  
d is torted  te trahedra l geom etry w ith  Hg-S bond lengths ranging from  2.521(2)- 
2.652 A. According to  this range, the Hg-S2 bond length in 2 is shorter than any 
Hg-S bond length reported fo r th is specific group o f crystals.
C14
1  ^J C 1 3
C15 C12
C l l
C16
S2 C9Hgl
CIOZnl
S I
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N1C8 N2
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C4
Figure 4.10 -  Perspective view of [HgZn2 (MEPA)3](CI0 4 )2 ‘CH3 CN‘toluene (2).
Hydrogens, perchlorates, acetonitrile, and toluene removed for clarity. Ellipsoids are at 
50% probability.
Table 4.4 -  Selected distances (A) and angles (°) for
[HgZn2(MEPA)3](CI0 4 )2-CH3CN-toluene (2).______________________________________
Selected bond lengths (A) Selected bond angles (°)
Hg(l)-S(l) 2.5709(11) S(2)-Hg(l)-S(l) 94.29(4)
N(2)-Zn(l)-N(4) 176.98(15)
Hg(l)-S(2) 2.4748(12) N(2)-Zn(l)-N(l) 75.58(15)
N(4)-Zn(l)-N(l) 107.12(15)
Zn(l)-S(l) 2.5072(12) N(2)-Zn(l)-N(3) 103.66(15)
N(4)-Zn(l)-N(3) 75.27(15)
Zn(l)-S(2) 2.5866(12) N(l)-Zn(l)-N(3) 88.25(15)
N(2)-Zn(l)-S(l) 97.33(11)
Zn(l)-N (l) 2.205(4) N(4)-Zn(l)-S(l) 83.84(11)
N(l)-Zn(l)-S(l) 95.58(11)
Zn(l)-N(2) 2.157(4) N(3)-Zn(l)-S(l) 158.96(11)
N(2)-Zn(l)-S(2) 82.19(11)
Zn(l)-N(3) 2.220(4) N(4)-Zn(l)-S(2) 94.98(11)
N(l)-Zn(l)-S(2) 156.96(11)
Zn(l)-N(4) 2.160(4) N(3)-Zn(l)-S(2) 91.22(10)
S(l)-Zn(l)-S(2) 93.14(4)
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Chapter 5- Conclusions and Future Work
Ligand completion between Zn(ll) and Hg(ll) was investigated by ESI-MS 
using two structurally similar tridentate NN'S-donors, MEPAH and MeMEPAH. 
Because Hg(ll) undergoes a multitude of exchange processes in solution, 
isolation of species is impossible by chromatography. One way to capture a 
glimpse of what may occur in solution is to isolate the species in the gas phase. 
By averaging scans for Hg:Zn:Lig solutions over 30 minutes, discarding outliers, 
and normalizing peak heights to internal standard, an array of Zn(ll), Hg(ll), and 
mixed metal ions were observed and quantified (Table 1). Many control 
experiments were conducted to ensure meaningful data was obtained. Because 
solutions that had not reach equilibrium would provide erroneous data, 1H NMR 
was used to ensure equilibration times were adequate for mixed solutions. 
Collision-induced dissociation energy was used to confirm peak assignments. 
ESI-MS was used to monitor fluctuations over a thirty minute time span and 
established the need for an internal standard.
As expected decreasing the Zn:Hg ratio decreased, so did the relative 
abundance of Zn(ll) species and increased the relative abundance of Hg(ll) 
species in solution. The relative abundance of mixed metal species also varied 
with the Zn:Hg ratio. Sterics and the size of the metal ion most likely contributed 
to the speciation observed. Fewer distinct species were observed with the more 
sterically hindered MeMEPAH. The softer metal Hg(ll) produced families of ions
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with larger ligand:metal ratios because of its attraction to the soft, polarizable 
sulfur atom as opposed to the harder Zn(ll) metal ion. In mixed metal complexes 
containing three metal centers, only the Zn2Hg was observed most likely because 
of the size of the Hg(ll) atom. Interestingly, Zn2LigX2+ and HgLig+ were the most 
prevalent zinc and mercury species in solution respectively for both ligands. This 
and related studies may provide insight into how the binding preferences affect 
stoichiometries of metal binding proteins such as metallothionein.
Table 5.1 -  Ions detected using ESI-MS for Zn(ll), Hg(ll), and mixed metal species 
in the presence of MEPAH (L) or MeMEPAH (!_*)._______________________________
ZnL
[M nLnXn.1]+ n = 1-3
[M n L n -lX n]+ n = 2
ZnL* [ M n U X n - l ] *  n = 1-3
HgL [ M n U X n - l ] *  n = 1-3 
[M „ L „ +1X n.2r  n = 2
HgL* [ M nLnX n- i ] + n = 1-2 
[ M nLn t lX n.2] + n = 2
ZnHgL [ M „ U - l X , , ] + n = 2 
[ M n U X n - i ] *  (1 = 2,3 
[M n L n+ iX n.2] + n = 2 
[ M nLnt2X n.3] *  n = 3
ZnHgL* [ M n U X n - J 4- n = 2 
[ M nLn+ iX n.2] + n = 2
Crystallography was used to provide a physical reference for the species
seen in the gas phase. The novel mixed metal crystalline complex
[Zn2Hg(MEPA)4](CI0 4 ) 2 CH3CN toluene was characterized crystallographically,
providing a structural reference for the [Zn2Hg] core.
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These studies documented the benefits of conducting Hg(ll) speciation 
studies in the gas phase to impede exchange processes prevalent in solution and 
suggest a variety of additional studies. Different Hg(ll) systems can be studied 
including simple one-ligand systems, multiple-ligand systems, or multiple-metal 
and multiple-ligand systems. CID energies needed to break apart a species to a 
specific relative intensity may provide insight into the stability of the species. 
Isolation and crystallographic characterization of representative mixed metal 
complexes with varying Zn:Hg mole ratios would be very informative. To 
improve this and future studies, large numbers of scans should be taken and 
averaged to enhance the reliability of the data. Although correlations between 
the gas, solid, and solution phase must be made with caution, this study was 
able to provide insight into species that may be forming in solution and the 
physical structure they may have.
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Part II
Ligand Competition for Hg(ll) Studied by 
Variable Temperature (VT) XH NMR
60
Chapter 1 -  Introduction
NMR studies have been used to investigate metal ion exchange reaction 
mechanisms, observe rapid biochemical reactions involving divalent metal ions, 
and monitor metal displacement reactions in metallothionein.37'39 199Hg NMR 
has become increasingly appealing for studies involving structural 
characterization of metal coordination sites in proteins. The spin I = Vi isotope of 
mercury, 199Hg, has 16.85% natural abundance and the capacity to serve as a 
metallobioprobe for native metal ions. The low coordination geometry 
preference of Hg(ll) allows it to adapt to the protein's coordination environment. 
Furthermore, 199Hg is more appealing than 113Cd, widely used in past protein 
substitution studies, because of its larger chemical shift dispersion, larger 
heteronuclear coupling constants, shorter relaxation times allowing more rapid 
data accumulation, and its affinity for nitrogen and sulfur ligand donors.40 When 
heteronuclear coupling to 199Hg occurs, large J(199HgX) values can be observed 
and the coupling satellites are detected as a symmetric doublet. It has been 
relatively rare to observe these satellites in solution NMR spectra because of 
rapid exchange relative to the NMR time scale between coupled and uncoupled 
environments. Rapid exchange processes between coupled environments yield 
mole fraction weighted average chemical shifts and coupling constants. Recently, 
slow-exchange conditions allowing for the observation of 199Hg1H coupling over 
three to five bonds have been reported for a variety of multidentate Hg(ll) 
complexes.40 Slow exchange processes give rise to uniquely coupled chemical
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shifts fo r individual p ro ton environm ents. Between the  extrem es o f rapid and 
slow exchange, in term edia te  exchange processes cause peaks to  broaden.
Previously, an NMR studied was conducted to  provide insight on solution 
equilibria  between Hg(ll) and a te traden ta te  nitrogen donor ligand tris [(2 - 
pyridyl)-m ethyl]am ine (TMPA) (Figure l . l ) . 41 Proton chemical shifts were 
m onitored as a function  o f [Hg]/[TMPA] (Figure 1.2). A t low er equivalents o f Fig, 
0.125-0.375, tw o  d istinct ligand environm ents were observed (one ligand 
environm ent was om itted  from  Figure 1.2 fo r clarity). One set o f chemical shifts 
were very sim ilar to  free ligand and the  chemical sh ift values decreased as more 
Fig was added while  the  second set (shown in Figure 1.2) increased and exhibited 
heteronuclear coupling w ith  a 37(199Flg1FI) o f 46 Flz fo r Flf.41 Increasing the 
concentration o f Fig yielded a single exchange-broadened m ethylene resonance 
shown a drastically changing chemical sh ift in the  range o f 0.5-1.0 [Flg]/[TMPA]. 
No heteronuclear coupling was observed because o f exchange broadening. W ith 
[Hg]/[TM PA] greater than 1.0, a single set o f sharp resonances were observed
w ith  heteronuclear coupled protons: 37(199Hg 1\-\) fo r Ha = 40 Flz, 37(199Flg1FI) fo r Flf 
= 36 Hz, 47(199H g1H) fo r Hd = 20Hz.41
a
Figure 1.1 -  Tris[(2-pyridyl)-methyl]amine (TMPA) 4 1
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Figure 1.2 - Proton chemical shifts for TMPA at varying ratios of [Hg]/[TMPA ] . 4 1
Chemical shifts of TMPA protons as a function of the Hg(CI04)2-to-TMPA ratio in CD3CN 
at 20 °C. Chemical shifts associated with a second ligand environment consisting 
primarily of free ligand in the region below [Hg]/[TMPA]) 0.5 are omitted for clarity. The 
concentration of Hg(CI04)2 was fixed at 25 mM.
Based on NMR analysis o f htis single ligand-metal system, the following 
mechanism was proposed to describe the solution equilibra.41
Hg2* + TMPA [Hg(TMPA)]2+ (1)
[Hg(TMPA)]2+ + TMPA [Hg(TMPA)2]2t (2)
[Hg(TMPA)2]2* + Hg2+ ^  2[Hg(TMPA)]2+ (3)
[Hg(TMPA)2]2+ + [Hg(TMPA)]2+ H 5 [Hg2(TMPA)3]4* (4) 
[Hg2(TMPA)3]4* + Hg2+ ^  3[Hg(TMPA)]2+ (5)
The tw o  ligand environm ents observed below  0.5 [Hg]/[TMPA] were described 
by reactions 1 and 2. One o f these ligand environm ents had chemical shifts only 
slightly d iffe ren t than those fo r free ligand. Since the peak intensities o f the
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second ligand environment were maximized at [Hg]/[TMPA] = 0.5, it was best 
described by the sums of reactions 1 and 2 where reaction 1 had a much lower 
equilibrium constant than reaction 2. The transition region from 0.5-1.0 
represents the formation of the 1:1 cation from the 1:2 cation and was described 
by reaction 3. These trends indicate that [Hg(TMPA)]2+ has low stabitity in the 
presence of excess TMPA. The interconversion of [Hg(TMPA)2]2+ to [Hg(TMPA)]2+ 
was studied in subsequent experiments.41 It was postulated that some 
multinuclear species must be formed during the interconversion. The satellite 
broadening observed in this region was also explained by reaction 3, which 
represents Hg in exchange between two different species. At high equivalents of 
Hg, 1.0 and above, the chemical shifts had relatively small deviations. These 
deviations were explained by the effect of Le Chatalier's principle on coupled 
equilibra and was described by reactions 4 and 5.
Similarly, NMR was used to analyze equilibria between Hg(ll) and bis[(2- 
pyridyl)-methyl]amine (BMPA) (Figure 1.3), a commercially available tridentate 
nitrogen donor ligand representative of protein-metal binding sites 40 The 
proton chemical shifts were monitored as a function of [Hg]/[BMPA] at 20°C 
(Figure 1.4). At less than 0.5 equivalents of Hg, one resonance for each 
symmetry-related proton was observed along with an approximately linear 
dependence of chemical shift on [Hg]/[BMPA]. From 0.50 -  0.75 equivalents of 
Hg, resonances were broadened but the chemical shifts remained relatively 
constant. At 0.75 equivalents of Hg, a different ligand environment with a
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markedly different chemical shift for most of the protons appeared. Between
1.0 and 2.0 equivalents of Hg, the later resonances were sharp with constant 
chemical shifts and no other resonances were observed in the NMR spectra. 
These spectra also exhibited heteronuclear coupling between the metal and 
both pyridyl Ha and methlyene proton Hf with 37(199Hg1H) of 46 Hz and 80 Hz 
respectively. As the metal-ligand ratio approached 2.0 the satellite peaks 
broadened, an indication that fast metal exchange was occurring at higher metal 
concentrations.
a
H/ H
Figure 1.3 -  Bis[(2-pyridyl)-methyl]amine (BMPA) 4 0
65
8.8
8.6 - - mum.
8.2 - -
80  - -
□□□□□□□
C l
7.6 - -
oo ooo7.4
72
7.0 -J- 
4.6 -r-
4.4 - -
4.0 - -
33
0.0 0.5 1.0 1.5
[Hg] I [BMPA]
Figure 1.4 -  Proton chemical shifts for BMPA at varying ratios of [Hg]/[BMPA ] . 4 0
Chemical shifts of BMPA protons as a function of the nominal Hg(CI04)2-to-BMPA ratio 
in CD3CN at 20 °C. The concentration of Hg(CI04)2 was fixed at 2 mM. Filled symbols are 
used to indicate that two distinct resonances could be detected for certain protons at 
metal to ligand ratios above 0.5.
The Hg(ll)-BMPA solution equilibra was also examined at -40°C. Spectra 
fo r [Hg]/[BM PA] < 0.5 showed re la tive ly no change from  the  tem pera ture  
difference besides small differences in chemical shift. A t metal-ligand ra tio  0.5, 
exchange broadening was reduced and Hg-proton coupling was observed fo r a 
pyridyl proton w ith  a 37(199H g1H) value o f 20 Hz. The m ethylene protons were 
also observed as a doub le t o f doublets w ith  equal area. A t larger than 1.0 
equivalent, the  same single ligand environm ent seen at 20°C was observed. 
These solutions studies led Bebout et al. to  propose the  mechanistic fram ew ork 
shown below fo r the  solution equ ilib rium .40
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Hg2+ + BMPA [Hg(BMPA)]2+ (6)
[Hg(BMPA)]2++BMPA [Hg(BMPA)2]2+ (7)
[Hg(BMPA)2]2+ +BMPA [Hg(BMPA)3]2+ (8)
[Hg(BMPA)2]2++ Hg2+ v=^ 2[Hg(BMPA)]2+ (9)
To further XH NMR investigations Hg(ll) solution speciation with nitrogen 
donor ligands, the sterically more demanding tetradentate ligand, tris[2-(6- 
pyridylmethyl))methyl]amine (TLA) (Figure 1.5) was compared to TMPA.42 
Bebout et al. reported an unprecedented number of coordination environments 
in slow exchange with varying M:L and recorded the first 57(199Hg1H) value with a 
nitrogen donor ligand.
Hb 
H c
Figure 1.5 -  Tris[2-(6-methylpyridyl))methyl]amine (TLA) 4 2
Spectra were taken at both -40°C and 20°C in acetonitrile-d3. At -40°C, 
for [Hg]/[TLA] 0.00-1.50, eight different resonances were observed for all ligand 
protons. The intensity of the easily interpretable aromatic triplet representing 
Hc varied independently indicating that the eight resonances observed 
correlated to eight different complexes. At 20°C, six resonances were observed
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for the ligand protons. One environment had a chemical shift that varied linearly 
with changing temperature. The best explanation for this variable environment 
was free ligand in rapid exchange with the [HgTLA]2+.
Three environments with temperature-independent chemical shifts were 
observed at [Hg]/[TLA] < 0.5. The most abundant environment, with maximum 
mole fraction at [Hg]/[TLA] ~ 0.4, represented the complex [Hg(TLA)2]2+ formed 
by reaction 11. Two temperature-independent environments were seen when 
0.5 < [Hg]/[TLA] < 1.0. The environments were proposed to be representing 
complexes [Hg2(TLA)3]4+ and [Hg3(TLA)4]6+ formed by reactions 12 and 13 
respectively. At higher molar ratios, two additional temperature-independent 
environments were observed, suggesting slight variations in speciation from 
TMPA. At [Hg]/[TLA] = 0.625, the most prevalent TLA environment was 
[Hg(TLA)]2+. This complex was believed to be formed by reaction 14 as opposed 
to reaction 5 for TMPA because near [Hg]/[TLA] = 1, the relative amount of 
[Hg3(TLA)4]6+ would exceed the relative amount of [Hg2(TLA)3]4+. The complex 
with the most upfield Hc was assigned to [Hg2(TLA)]4+ formed by reaction 15 
from the abundance of [Hg(TLA)]2+. Spectra were also taken at higher 
concentrations of Hg(ll) (12.5m M) and no noticeable differences other than peak 
broadening were observed.
Hg2+ + TLA v - '  [Hg(TLA)]2+(10)
[Hg(TLA)]2* + TLA [Hg(TLA)2]2+(11)
[Hg(TLA)2]2+ + [Hg(TLA)]2t [Hg2(TLA)3]4+ (12)
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[Hg2(TLA)3]4+ + [Hg(TLA)]2+ ^  [Hg3(TLA)4]6+ (13)
[Hg3(TLA)4]6+ + Hg2+ v -  4[Hg(TLA)]2+(14)
[Hg(TLA)]2+ + Hg2+ [Hg2(TLA)]4+ (15)
Extensive coupling between 199Hg and TLA protons was observed for 
[Hg(TLA)]2+ cations in the spectra taken with concentrations less than 2mM. For 
the solutions containing [Hg(TLA)]2+, 3-, 4-, and 5- bond couplings were reported 
with values: 47(199Hg1H) = 72 Hz for Hf, 37(199Hg1H) = 15 Hz for Hb and Hd, and 
57(199Hg1H) = 8 Hz for Hc. The 47(199Hg1H) value was the largest reported for Hg(ll) 
and exclusively nitrogen donors and was twice the magnitude of the 47(199Hg1H) 
reported for TMPA. 37(199Hg1H) was seen for both Hb and Hd while in TMPA only 
coupling to Hd was seen with a 37(199Hg1H) = 20 Hz. No 57(199Hg1H) was seen in 
TMPA as it is the first five-coupling constant reported between Hg(ll) and a 
nitrogen donor.
This investigation was also performed in acetone. Broad, unassignable 
features were observed for both TLA and TMPA. As a more coordinating solvent 
with higher pKa, acetonitrile was better able to complete the coordination 
sphere of the metal without introducing complicating equilibria.
To compliment solution NMR investigations of equilibria between 
multidentate nitrogen donor ligands and Hg(ll), a similar solution experiment 
was conducted using N,S-donor ligand bis(2-methylpyridyl)sulfide (BMPS) (Figure 
1.6) in the presence of HgCI2 and Hg(CI04)2at 20°C.43 BMPS contains two pyridyl 
groups linked through a thioether providing models for the amino acid side
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chains o f h istid ine and m ethion ine. The ligand was shown to  bind in a bidentate 
o r triden ta te  fashion, coordinating through e ither tw o  pryridyl n itrogen or tw o  
pyridyl n itrogen and the  th ioe the r sulfur, respectively.43
S
N
Figure 1.6 -  Bis(2-methylpyridyl)sulfide (BMPS)43
M ost o f the  pro ton chemical shifts in both the  HgCI2 and Hg(CI04)2 
complexes o f BMPS were shifted dow nfie ld  from  free ligand due to  the 
deshielding influence o f the  m etal ion. As in the  previous BMPA study40, Ha was 
the  exception, most likely due to  in teractions w ith  ring current in the  opposing 
ligand. The spectra obta ined w ith  the chloride salt had few  notable features. 
Heteronuclear coupling was not observed. Chemical shifts d rifted  from  0.0-1.0 
[Hg]/[BMPS] and then remained constant suggesting fast exchange between free 
ligand and a 1:1 complex.43
The perchlorate salt spectra were much m ore interesting. From 0.0-0.5 
[Hg]/[BMPS] ligand resonances shifted linearly from  free ligand to  those 
observed fo r [Hg(BMPS)](CI04)2] suggesting rapid exchange between the  tw o  
species. [Hg(BMPS)2]2+ was studied m ore thorough ly using NMR at -40°C. 3J, AJ, 
and SJ (199Hg1H) to  pyridyl protons were observed indicating tha t the  ligand
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remained bound to Hg(ll) on the coupling constant time scale. 37(199Hg1H) for Ha 
was 24 Hz, similar to the value reported for [Hg(BMPA)2]2+. The methylene 
protons appeared to be equivalent despite being in different environments in 
the solid state structure. Bebout et al. concluded that there must be a lower 
barrier for inversion of the central thioether compared to the central amine.43 
Since large 7(199Hg1H) satellites for methylene protons were observed, no bond 
breaking was required for the inversion. The 3V(199Hg1H) for the equivalent 
methylene protons in [Hg(BMPS)2]2+ were smaller than those previously reported 
for the inequivalent methylene protons in [Hg(BMPA)2]2+, possibly reflecting the 
longer Hg-thioether bond length (2.6539(12)-2.6706(11) A) relative to the Hg- 
amine bond length (2.350(4)-2.404(4)A) as well as dihedral angle differences.43
Between 0.5-1.0 [Hg]/[BMPS], ligand resonances were broadened and 
new, separate resonance appeared, explained by the formation of the solvated 
complex [Hg(BMPS)(NCCH3)x]2+. Further investigation of this complex revealed 
heteronuclear coupling, indicating that the ligand remained bound to the Hg(ll) 
ion, and equivalent methylene protons. Upon addition of more Hg(ll) salt, the 
chemical shift was unchanged.
These and related studies have demonstrated the usefulness of XH NMR 
in speciation analysis of Hg(ll)-ligand systems. Combining the sensitivity of 
proton chemical shifts to metal ion proximity and coordination environments 
with the ability to obtain information on both the chemical shift and coupling 
constant time scales has provided considerable insight for a variety of
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multidentate ligand systems. To compliment previous NMR studies of Hg(ll) in 
single ligand systems, two mixed ligand systems were investigated. Using a 
titration study, proton chemical shifts of two different ligands in solution with 
Hg(ll) and the addition of varying concentrations of a simple thiolate, 
benzylmercaptan (Figure 1.7) were monitored. This molecule has particular 
biological relevance because current evidence indicates that small thiols are 
likely responsible for transportation of Hg(ll) in the body. The two ligands whose 
peaks were monitored were previously mentioned tetradentate tris(6-methly-2- 
pyridylmethyl)amine, (TLA) (Figure 1.5) and tridentate bis[(2-pyridyl)- 
methyl]amine (BMPA) (Figure 1.3). Eliciting more information about the 
speciation of simple mixed ligand systems will provide a foundation for studying 
Hg(ll)- ligand exchange mechanisms in complex systems.
SH
Figure 1 .7 -  Benzylmercaptan (BzSH)
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Chapter 2 -  Experimental Procedures
2.1 Solution Preparation
Tris(6-methyl-2-pyridylmethyl)amine/ (TLA), was synthesized and purified
by Pei Wang. All other compounds used in the following solutions were 
commercially available.
2.1.1 -V T  XHNMR
A 20 mM stock solution of tris(6-methyl-2-pyridylmethyl)amine, TLA (14 
mg, 0.042 mmol) and Hg(CI04)2-3H20  (18 mg, 0.041 mmol) was prepared in 
CD3CN (2.0 mL). A 20 mM solution of triethylamine (TEA) (4.70 pL, 0.0400 mmol) 
and benzylmercaptan, (5.6 pL, 0.040 mmol) was prepared in CD3CN (2.0 mL).
The stock solutions were pipetted in specific volumes, shown in Table 2.1, into 
NMR tubes to yield a final volume of 600 pL. The molar ratio of Hg/TLA to 
deprotonated benzylmercaptan (SBZ ) was varied. A solution of TLA (3 mg, 0.009 
mmol) in CD3CN (600 pL) was also prepared in a NMR tube for comparison.
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Table 2.1 -  Titration samples prepared for VT ^NM R .
Volume 20 mM Volume 20 mM SBZ~ Volume CD3CN 
Hg/Lig : SBZ__________ Hg/Lig (pL)______________ (pL)_________________ (pL)
- 60.0 - 540.0
0.125 60.0 7.5 532.5
0.250 60.0 15.0 525.0
0.375 60.0 22.5 532.5
0.500 60.0 30.0 510.0
0.625 60.0 37.5 502.5
0.750 60.0 45.0 495.0
0.875 60.0 52.5 487.5
1.000 60.0 60.0 480.0
1.125 60.0 67.5 472.5
1.250 60.0 75.0 465.0
1.375 60.0 82.5 457.5
1.500 60.0 90.0 450.0
1.750 60.0 105.0 435.0
2.000 60.0 120.0 420.0
2.250 60.0 135.0 405.0
2.500 60.0 150.0 390.0
3.000 60.0 180.0 360.0
4.000 60.0 240.0 300.0
5.000 60.0 300.0 240.0
A 20 mM stock solution of 2,2'-dipicolylamine, BMPA (7.4 pL, 0.041 
mmol) and Hg(CI04)2-3H20  (18 mg, 0.041 mmol) was prepared in CD3CN (2.0 mL). 
A 20 mM solution of triethylamine, TEA (4.70 pL, 0.0400 mmol) and 
benzylmercaptan, (5.6 pL, 0.040 mmol) was prepared in CD3CN (2.0 mL). The 
stock solutions were pipetted in specific volumes, shown in Table 2.1, into NMR 
tubes to yield a final volume of 600 pL. The molar ratio of Hg/BMPA to 
deprotonated benzylmercaptan (SBZ ) was varied. A solution of BMPA (1 pL, 
0.006 mmol) in CD3CN (600 pL) was also prepared in a NMR tube for comparison.
A 20 mM stock solution of Hg(CI04)2-3H20  (19 mg, 0.041 mmol) was 
prepared in CD3CN (2.0 mL). A 20 mM solution of triethylamine, TEA (4.7 pL,
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0.040 mmol) and benzylmercaptan, (5.6 pL, 0.040 mmol) was prepared in CD3CN 
(2.0 mL). The stock solutions were pipette into five NMR tubes with the 
following Hg:SBZ' molar ratios: 1:1,1:2, 1:3, 1:4, and 1:5.
2 .1 .2 -E S I-M S
A 20 mM stock solution of tris(6-methyl-2-pyridylmethyl)amine, TLA (14 
mg, 0.042 mmol) and Hg(Cl04)2*3H20  (19 mg, 0.041 mmol) was prepared in 
CH3CN (2.0 mL). A 20 mM solution of triethylamine, TEA (4.7 pL, 0.040 mmol) 
and benzylmercaptan, (5.6 pL, 0.040 mmol) was prepared in CH3CN (2.0 mL).
The stock solutions in CH3CN were pipetted into NMR tubes using the same 
volumes shown in Table 2.1 and CH3CN was added to reach a final volume of 600 
pL.
2.2 Instrument Parameters
2.2.1 VT 1HNMR
The experiment was performed on a Varian Mercury 400 MHz nuclear 
magnetic resonance (NMR) spectrometer. The temperature was held at -40 °C 
and 20 °C by blowing chilled nitrogen over the NMR tube in the probe. Solutions 
from Table 2.1 were run for 64 -  320 scans depending on the concentration of 
SBZ' in solution. TLA solutions were run at both -40 °C and 20 °C. The final data 
set at -40 °C included all solutions from Table 2.1. The final data set at 20 °C 
included all solutions from Table 2.1 except 0.625, and 5.000. BMPA solutions
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were run at -40 °C and the final data set included solutions 0.000-0500, 0.750, 
and 1.000-1.500.
2.2.2 ESI-MS
The experiment was performed in a commercial liquid chromatograph- 
mass spectrometer (Shimadzu 2010 EV LC-MS). Solutions were injected from a 
500 pL Hamilton Gastight® syringe into an electrospray ionization source using 
an automated syringe pump at a flow rate of 800 pL/hr. The CDL temperature 
was initially held at 250°C and the heat block temperature was initally held at 
200°C. The nebulizing gas flow was set at 0.5 L/min and the detector voltage 
was 1.5 kV. Scans were acquired in positive ion mode for all solutions and 
negative ion mode for solution 4.000 during a time period of one minute over 
the m/z range 0-2000. The CDL temperature was then lowered to 125°C and the 
heat block temperature was lowered to 75°C (keeping all other parameters the 
same), and a scan was acquired for solution 4.000.
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Chapter 3 -  Results and Discussion
3.1 -  TLA and benzylmercaptan VT 1H NMR
To elucidate information about speciation in a Hg(ll)-mixed ligand 
solution, 1H NMR spectra at controlled temperatures (20 “C and -40 °C) of 
nominally 1:1 Hg:TLA solution with varying equivalents of benzylmercaptan, (SBZ 
) were obtained. For comparison, 1H NMR spectra of solutions containing 
varying mole ratios of Hg(ll) and SBz' were also taken at -40 °C. Graphs of 
chemical shift vs. [SBz-]/[HgTLA] were constructed at both temperatures for the 
aromatic and methylene regions of the spectra. Peak assignments were made 
based on the 1H NMR spectra of free TLA ligand (Figure 3.1). The triplet was 
assigned Hc, the downfield doublet Hd/ the upfield doublet Hb, and the aliphatic 
peak Hf (see Figure 1.5). One set of shifted ligand proton resonances was 
observed in the nominally 1:1 Hg(TLA) solution before addition of SBz'. When 
assigning peaks for the following solutions, it was assumed that Hd always 
appeared downfield of Hb.The broad resonance representative of HgSBz' 
complexes (Figure 3.2) did not allow assignment of chemical shift of certain 
aromatic resonances throughout the titration. Unassignable broad singlets and 
the broad HgSBz aromatic resonance were omitted from the plots for clarity.
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Figure 3.1 -  *H NMR of free TLA at -40 °C.
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Figure 3.2 -  VT1HNMR spectra ofHg(ll) in the presence of SBz at -40 °C. Hg(ll) and 
SBZ' ratios (from bottom to top) were 1:1,1:2,1:3,1:4,1:5.
ESI-MS spectra were also taken for these solutions to allow for species 
identification at the varying ratios. However, spectra revealed the same three 
peaks for each solution [triethylamine+ (m /z 102), TLA+ (m/z 333), [Hg(TLA)(SBz)]+ 
655] and did not reveal any insight into speciation at different points in the 
titration samples.
Resonances from the 1H NMR spectra at -40 °C (Figure 3.3) were followed 
to yield the methylene (Figure 3.4) and aromatic (Figure 3.5) chemical shift plots. 
From [SBz]/[Hg(TLA)] 0.0 -  0.5, multiple singlets with variable intensity and 
chemical shift appear for the methylene resonances of TLA (Hf) and SBz'. There 
was no definitive means of assigning these singals. A small singlet with
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essentially constant chemical shift (indicating fast exchange with another species 
in solution) appears at 3.59 ppm. This resonance was observed in control 
samples containing no TLA and is possibly attributed to excess Hg(ll) from the 
nominal 1:1 Hg(TLA) solution immediately reacting with any addition of SBz .
The aromatic protons in this region also separated into three environments: one 
very minor species, one with non-linear changing chemical shifts, and one with a 
constant chemical shift. The minor aromatic species was omitted from the plot 
for clarity. It briefly appeared for each proton at [SBz]/[Hg(TI_A)] = 0.375. The 
three environments indicated the existence of at least four species in solution.
From [SBz]/[Hg(TLA)] 0.5 -  1.0, the three methylene resonances and the 
HgSBZ singlet exhibited relatively constant chemical shifts, however the 
methylene protons continued to have varying relative intensities. Multiple 
methylene resonances were observed, consistent with a minimum of two Hg(ll) 
complexes involving both TLA and SBz*. The aromatic region had one 
environment with a linearly changing chemical shift for all resonances. From 1.0 
-  1.5, the methylene region of the spectrum simplified to one sharp singlet and 
one broad singlet, both with chemical shifts that changed approximately linearly 
with added SBZ. A broad singlet observed at approximately 3.96 ppm in the TLA- 
free control experiment was either absent or buried by the sharp singlet. In 
addition, a new doublet appeared at approximately 3.70 ppm, replicating a 
feature of the TLA-free control experiment. The aromatic protons had one 
environment with non-linearly changing chemical shift. Some of the chemical
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shift values for Hb and Hd were omitted in this region because they were 
obscured by the large, broad, aromatic HgSBz resonance. The region of 1.5 -  2.0 
had one environment for all protons with approximately linear chemical shift 
trends for the aromatic resonances and relatively constant chemical shifts for 
the methylene resonances. From 2.0 to higher equivalents, the chemical shifts 
of the aromatic approached those for free TLA (Hc = 7.6 ppm, Hd = 7.5 ppm, Hb = 
7.05 ppm). The three methylene resonances at 2.0 remained linear until 
reaching the chemical shifts observed for the various ratios of Hg:SBz complexes. 
A methylene peak for free TLA was finally seen at [Hg(TLA)]/[SBz] = 4.000 (Hf = 
3.605).
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Figure 3.3 -  VT1HNMR spectra of Hg(TLA) and SBz' at -40 °C. Solutions contained 
nominally 1:1 Hg(ll):TLA and the following equivalents of SBZ': 0.000 (a), 0.125 (b),
0.250 (c), 0.375 (d), 0.500 (e), 0.750 (f), 0.875 (g), 1.000 (h), 1.125 (i), 1.250 (j), 1.375 (k), 
1.500 (I), 1.750 (m), 2.000 (n), 2.250 (o), 2.500 (p), 3.000 (q), 4.000 (r), and 5.000 (s).
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Figure 3.4 -Chemical shift (ppm) vs. [SBz]/[Hg(TLA)] for methylene protons at -40 °C.
Singlet proton resonances associated with mixed ligand complexes of Hg(ll) (triangles), 
SBz complexes of Hg(ll) (square, singlet brown, doublet purple, singlet yellow) and free 
TLA (black circle). Solid trend lines were drawn from anchor points at 0.0, 0.5,1.0,1.5, 
and 2.0. Dashed trend lines were generated from values seen in NMR spectra for 
[Hg]:[SBz] 1:1,1:2,1:3,1:4, and 1:5. The initial chemical shift of the methylene TLA 
resonance, before the addition of SBZ', is 3.977 ppm.
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Figure 3.5 -Chemicalshift (ppm) vs. [SBz]/[Hg(TLA)J for aromatic protons at -40 °C.
Proton resonances represented: Hc (t, triangle), Hd (d, circle), Hb (d, diamond). Second 
environments for each respective proton are represented by a different color. A third 
minor environment was omitted for clarity. Solid trend lines were drawn from anchor 
points at 0.0, 0.5,1.0,1.5, and 2.0. Dashed trend lines were generated from the 
chemical shift average for each respective species. The phenyl protons of SBZ obscured 
resonances for Hd and Hb at some of the higher mole ratios.
1H NMR spectra at 20 °C (Figure 3.6) were analyzed by preparing 
methylene (Figure 3.7) and aromatic (Figure 3.8) chemical shift plots. The trends 
seen at 20 °C are consistent with what was observed at -40 °C. From 0.0 -  0.5, 
the TLA methylene singlet has 199Hg coupling satellites and a chemical shift that 
changes non-linearly with added SBz' trend. Higher temperatures increase 
exchange rates, leading to exchange averaging of chemical shifts and coupling 
constants. The non-linear methylene chemical shift change with added SBZ was 
consistent with the presence of more than two species exchanging in solution 
and the many methylene environments observed at -40 °C. The HgSBz singlet 
was also observed at 20 °C, most likely from the reaction of excess Hg(ll) and the 
added SBZ'. The TLA resonances in the aromatic region were severely 
broadened, representative of intermediate exchange on the chemical shift time 
scale, and their chemical shifts followed an approximately linear trend with 
added SBz'. At [SBz]/[Hg(TLA)] = 0.5, a second TLA environment with well 
resolved chemical shifts was observed. An aromatic resonance representative of 
an HgSBz complex was also observed but omitted from the plot for clarity. In 
this region, the chemical shift of the aromatic HgSBz resonance remained 
constant.
From [SBz]/[Hg(TLA)j 0.5 -  1.0, evidence of at least two species 
exchanging in solution was again observed. The chemical shift for the methylene 
resonance followed a non-linear trend reflecting more than two species in 
equilibrium. The aromatic protons exhibited two distinct environments: a major
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downfield environment that changed non-linearly with added SBz' and a minor 
upfield environment with relatively constant chemical shift. In the 
[SBz]/[Hg(TLA)] region of 1.0 -1.5, the 199Hg coupled TLA methylene protons 
associated with the primary species observed at [SBz]/[Hg(TLA)] = 1.0 initially 
remained coupled to 199Hg and a new upfield chemical shift was observed. 
Aromatic protons continued to have two environments. The constant chemical 
shift environment vanished at [SBz]/[Hg(TLA)] ~ 1.375. From 2.0 -  5.0 the original 
Hf resonance was relatively linear until disappearing. The other environment had 
a chemical shift which changed non-linearly with added SBz". Another 
methylene resonance appeared with wildly varied chemical shift. This resonance 
eventually reached a chemical shift indicative of an HgSBz complex (3.75 ppm). 
The TLA proton chemical shifts followed a linear trend towards those for free 
ligand (Hc = 7.67 ppm, Hd = 7.55 ppm, Hb = 7.17 ppm, Hf = 3.65 ppm) or Hg:SBz 
complex (br, 7.45 -  7.45 ppm).
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Figure 3.6 -  VT1HNMR spectra ofHg(TLA) and SBz' at 20 °C. Solutions contained 
nominally 1:1 Hg(ll):TLA and the following equivalents of SBZ': 0.000 (a), 0.125 (b),
0.250 (c), 0.375 (d), 0.500 (e), 0.750 (f), 0.875 (g), 1.000 (h), 1.125 (i), 1.250 (j), 1.375 (k), 
1.750 (I), 2.000 (m), 2.250 (n), 2.500 (o), 3.000 (p), and 4.000 (q).
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Figure 3.7 -Chemical shift (ppm) vs. [SBz]/[Hg(TLA)] for methylene protons at 20 °C.
Proton resonances represented: Hf bound TLA(s/ triangle), Hf free TLA (s, circle), HgSBz 
protons (brown squares). A HgSBz proton broad, unresolved resonance was omitted for 
clarity. Solid trend lines were drawn from anchor points at 0.0, 0.5,1.0,1.5, and 2.0.
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Figure 3.8 -Chemical shift (ppm) vs. [SBz]/ [Hg(TLA)] for aromatic protons at 20 °C.
Proton resonances represented: Hc (t, triangle), Hd (d, circle), Hb (d, diamond). HgSBz 
resonances were omitted for clarity. The minor upfield environment for each respective 
proton is represented by an unfilled shape. Trend lines were drawn from anchor points 
at 0.0, 0.5,1.0, 1.5, and 2.0. Solid lines represent the major environment, dashed lines 
represent the minor environment.
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At 20 °C, (199Hg1H) heteronuclear coupling was observed for the 
methylene resonance up until [SBz]/[Hg(TI_A)] = 1.250, providing concrete 
evidence of bonding between the metal and the TLA ligand. At [SBz]/[Hg(TLA)] = 
0.000, 4l ( 199Hg1H) = 72 Hz consistent with the value previously reported in 
literature.42 Heteronuclear coupling was not seen at -40 °C most likely because 
of exchange broadening. The smaller coupling constants associated with the 
aromatic protons were not observed at any temperature perhaps because of 
poor resolution or broadening by intermediate exchange on the coupling 
constant time scale. A plot of [SBz]/[Hg(TLA)] vs. 3,47(199Hg1H) for Hf (Figure 3.12) 
was constructed to show the coupling constant trend. The magnitude of the 
heteronuclear coupling constant decreased as the ratio of [SBz]/[Hg(TLA)] was 
increased to 0.5, then increased as the ratio was increased further.
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Figure 3.9 - 3,4J(199Hg1H) for Hf vs. [SBz]/[Hg(TLA)] at 20 °C. Trend lines were generated 
from anchor points 0.00, 0.50, and 1.00.
87
Based on the observed chemical shift and coupling constant trends for 
TLA described above, the prevalent equilibria in solution are significantly 
different in the regions of the titration with [SBz]/[Hg(TLA)] ranging from 0.0 -  
0.5, 0.5 -  1.0, 1.0 -  1.5, 1.5 -  2.0, and over 2.0. Based on the significant 
departure of the observed chemical shift from the linear trend expected for 
simple two species exchange for [SBz]/[Hg(TLA)] between 0.0 -  0.5 at -40 °C and 
the multiple proton environments observed, there are more than two species 
involved in the solution equilibria over this [SBz]/[Hg(TLA)] range. Reactions 1 
and 2 represent the prevalent equilibria believed to be occurring at these 
equivalents.
[Hg(TLA)]2++ (SBZ)‘ -  " [Hg(TLA)(SBz)]+ (1)
[Hg(TLA)(SBZ)]+ + [Hg(TLA)]2+ [{Hg(TLA)}2(SBz)]3+ (2)
Initially, the nominally 1:1 solution of Hg:TLA reacted with the SBZ' added 
to produce [Hg(TLA)(SBZ)]+ (reaction 1). As the concentration of [Hg(TLA)(SBz)]+ 
builds, reaction with remaining [Hg(TLA)]2+ to form the 1:2 complex 
[{Hg(TLA)}2(SBz)]3+becomes more likely. Recent isolation of 
[{Hg(BMPA)}2(SEt)](CI04)3 provides precedent for the proposed intermediary 1:2 
complex (Figure 3.10).44
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Figure 3.10 -  Ortep diagram for {[Hg(BMPA)(0CI03)]2(^2-SEt)KCI04)
This reaction mechanism was consistent with the methylene plots.
However, the aromatic protons at -40 °C revealed three environments: one very 
minor species, one with linear changing chemical shifts (representative of two 
species in equilibrium), and one with a constant chemical shift. These 
observations indicated that a fourth species must also be in solution. A possible 
candidate is [{Hg(TLA)}3(SBz)]5+ formed by reaction 3.
[{Hg(TLA)}2(SBz)]3*+[Hg(TLA}]2+ r *  [{Hg(TLA)}3(SBz)]5+ (3)
At fairly low equivalents of SBZ, the main species to react with in solution was 
[Hg(TLA)]2+. Due to the sterics of a central sulfur surrounded by three bulky 
ligands and a phenyl group, the equilibrium for 3 most likely lies far to the left 
inhibiting [{Hg(TLA)}3(SBz)]5+ from participating in solution equilibrium in the 
presence of [Hg(TLA)]2+. This species is most likely represented by the minor 
third environment discarded from the plot. There is limited literature precedent 
for complexes of this type.45 Upon the addition of more SBZ, the complex likely 
broke down, allowing Hg(ll) to coordinate and interact with more sulfur atoms
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explaining the disappearance of the aromatic proton resonances with constant 
chemical shift after [SBz]/[Hg(TLA)] = 0.5. Aromatic resonances at 20 °C display 
two environments and broad peaks with linearly changing chemical shifts 
supporting reactions 1 and 2 proposed. Since it is rather unfavorable to have 
three bulky Hg(ll) ligands all coordinated to a center sulfur, [{Hg(TLA)}3(SBz)]5+ 
was likely insufficiently stable at the higher temperature for detection.
Spectra and plots for [SBz]/[Hg(TLA)] 0.5 -  1.0 also revealed at least 
three species involved in equilibrium most clearly evident through the 
differences in observed chemical shift and the predicted linear trend for the Hf 
chemical shift at 20 °C. The equilibria proposed to explain NMR trends in this 
region include initial reaction of [{Hg(TI_A)}2(SBz)]3+ with added SBZ' to produce 
[Hg(TLA)(SBz)]22+(reaction 4), a bis(p2-S) thiolate complex with strained four 
membered ring (Figure 3.11.a). Once there is appreciable concentration of 
[Hg(TLA)(SBz)]22+present, ring strain can be relieved by further reaction to 
produce trimers and tetramers of [Hg(TLA)(SBz)]+ (Figure 3.11.b,c) by proposed 
reactions 5-7. These types of structure are well precedented crystallographically 
for Hg(ll).43'46'49 While all oligomers of [Hg(TLA)(SBz)]+ have 1:1 SBZ' to [Hg(TLA)] 
ratios, the trimer is expected to predominate based on thermodynamic 
considerations.
[{Hg(TLA)}2(SBz)]3+ + SBz’ 2 [Hg(TLA)(SBz)]22+ (4) 
[Hg(TLA)(SBz)]22++[Hg(TLA)(SBz)]22+ ' ' [Hg(TLA)(SBz)]44+(5) 
[Hg(TLA)(SBz)]44* [Hg(TLA)(SBz)]+ + [Hg(TLA)(SBz)]33* (6)
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[Hg(TLA)(SBz)]22++[Hg(TLA)(SBz)]+ [Hg(TLA)(SBz)]33* (7)
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Figure 3.11 -  Oligomer [HgS]n structures. Structures for the dimer (a), trim er (b), and
Using a tridentate NN'S-donor ligand (previously mentioned in thesis) the 
complex [Hg(MeMEPA)]33+ was recrystallized and isolated (Figure 3.12). The 
[Hg(TLA)(SBz)]33+ complex formed by reactions 6 and 7 would most likely have a 
similar cyclic [HgS]3 core with Hg(ll) also coordinated to nitrogen. The other 
linearly changing resonances are represented by reaction 4. After 
[SBz]/[Hg(TLA)J = 0.5, there is more [Hg(TLA)(SBZ)]+ in solution than [Hg(TLA)]2+ 
because over half of the 1:1 complex has reacted with SBz’. This supports 
reaction 4 where the most prevalent species in solution reacts with itself forming 
the 2:2 complex.
tetramer (c).
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Figure 3.12 -  Ortep diagram for [Hg(MeMEPA)]33* Hydrogens omitted for clarity.
Crystallized as the perchlorate salt. Ellipsoid at 50% probability.
From [SBz]/[Hg(TLA)] 1 .0 -  1.5, the resonances representing 
[Hg(TLA)(SBz)]3+ complex vanish at [SBz]/[Hg(TLA)] = 1.25. Upon addition of 
SBz', the [Hg(TLA)(SBz)]3+ most likely breaks down, allowing Hg(ll) to interact and 
coordinate with as many sulfur ligands as possible. This possibility is supported 
by the appearance and disappearance of an aromatic environment at 20 °C, the 
appearance and disappearance of multiple methylene environments from 0.5 -  
1.125 at -40 °C, and the large change in aromatic chemical shift after 
[SBz]/[Hg(TLA)] = 1.0 at -40 °C. New equilibria in solution produce a species with 
a 3:2 [SBz]:[Hg(TLA)] ratio proposed to be [{Hg(TLA)(SBz)}2(SBz)]2+. This complex 
can be formed in a single ring opening step from the dimer [Hg(TLA)(SBz)]22+ 
(reaction 8) but requires multiple steps to be formed from the higher oligomers 
that likely predominate (reactions 9-12).
[Hg(TLA)(SBz)]22+ + SBz' [{Hg(TLA)(SBz)}2(SBz)]* (8)
[Hg(TLA)(SBz)]44+ + SBZ" v^* [{Hg(TLA)(SBz)}4(SBz)]3+ (9) 
[{Hg(TLA)(SBz)}4(SBz)]3+ + SBZ ^  2 [{Hg(TLA)(SBz)}2(SBz)]+ (10)
[Hg(TLA)(SBz)]33+ + SBZ" ^  [{Hg(TLA)(SBz)}3(SBz)]2+ (11) 
[{Hg(TLA)(SBZ)}3(SBZ)]2+ + SBZ" ^  [{Hg(TLA)(SBZ)}2(SBZ)]+ + [Hg(TLA)(SBZ)2]
(12)
From equivalents 1.5 -  2.0, one linearly changing resonance exists for all 
environments. Reaction 13 represents the subsequent addition of SBZ' to the 
previously formed [{Hg(TLA)(SBz)}2(SBz)]+to yield the neutral 2:1 complex 
consistent with the [SBz]/[Hg(TLA)j.
[{Hg(TLA)(SBz)}2(SBz)]+ + SBz" 2 [Hg(TLA)(SBz)2] (13)
Above 2.0 equivalents of SBZ' for each [Hg(TLA)]2+ there was one 
chemical shift environment for each ligand proton that changed approximately 
linearly with added SBz' towards the chemical shift for free TLA. Reaction 14 
represents the complete displacement of TLA from the coordination sphere of 
Hg(ll). This was further supported by the observation of spectral signals 
consistent with those observed in the absence of TLA (Figure 3.2). The chemical 
shifts associated with SBz' continued to change with further addition suggesting 
formation of additional [Hg(SBz)n]2 n species.
[Hg(TLA)(SBz)2] + SBz' [Hg(SBz)3] ' + TLA (14)
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The observed heteronuclear coupling constants supported the 
mechanism proposed above. From 0.0 -  0.5, the coupling constant followed a 
non-linear trend, consistent with conclusions made earlier about more than two 
species being in exchange at these equivalents. From 0.5 -  1.0, the trend was 
nearly linear, indicating either two species in exchange or multiple species with 
similar coupling constants in exchange. Evidence from the 1H NMR spectra and 
subsequent plots showed multiple species in solution. The coupling constant 
trend suggests the cyclic oligomers of [Hg(TLA)(SBz)]+ have similar coupling 
constants. At [SBz]/[Hg(TLA)] significantly greater then 1.0, heteronuclear 
coupling of 199Hg to ligand protons was no longer observed. This would be 
consistent with the displacement of ligand from metal, however, the chemical 
shift of resonances continued to change past this point hence some significant 
interaction with the metal ion is still likely. Other reasons for the lack of coupling 
could be the complexity of the spectra, the small magnitude of the coupling 
constant relative to the total peak width, or the rate of exchange processes 
being comparable to the coupling constant timescale.
3.2 -  BMPA and benzylmercaptan VT 1H NMR
To continue the investigation of a Hg(ll) multiple-ligand system, 1H NMR 
spectra at 40 °C of a nominally 1:1 Hg:BMPA solution with varying equivalents of 
benzylmercaptan, (SBz ), were obtained. Graphs of [SBz]/[Hg(BMPA)] vs. 
chemical shift were constructed for the aromatic and methylene regions of the
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spectra. BMPA was chosen for comparison because of its tridentate nature vs. 
the bulky, tetradentate TLA and recent isolation of an unprecedented 
[(HgL)2SBz]+ complex with L = BMPA in the Bebout laboratory. Peak assignments 
were made using the 1H NMR spectrum of free BMPA (Figure 3.13): Ha (d, 8.5 
ppm), Hc (t, 7.7 ppm), Hb (dd, 7.4 ppm), Hd (d, 7.2 ppm), and Hf (s, 3.85 ppm) (see 
Figure 1.3 for proton labels).
Figure 3.13 -  NMR of free BMPA at -40 °C.
As reported previously,39 reaction of Hg(ll) with free BMPA to make a 1:1 
Flg(BMPA) complex creates distinct methylene proton environments. The 
resulting geminally couples resonances were labeled Hf (d, 4.4 ppm) and Hf (d, 
3.9 ppm). Geminally coupled methylene protons provide definitive evidence for 
slow exchange of metal ions between ligands on the coulpling constant time 
scale. All other BMPA proton resonances are simply shifted upon Hg(ll) binding.
*H NMR spectra for the BMPA solutions are shown in Figure 3.14. This 
study was limited to samples with [SBz]/[HgBMPA] in the range of 0.000 -1 .5 0 0  
since these molar ratios provided the most insightful equilibria information with
7.8
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TLA, and samples with higher ratios proved to be insufficiently stable over the 
time period needed to collect an entire spectral series. Unassignable singlets 
were omitted for clarity. The broad HgSBZ resonance (Figure 3.3) overlapped 
both Hb and Hd, increasing the intensity of their peaks and making accuracy in 
chemical shift assignment difficult. After assignment of peaks and tabulation of 
chemical shifts, a plot of [SBZ]/[Hg(BMPA)] vs. chemical shift was constructed to 
display chemical shift trends for both the methylene (Figure 3.15) and aromatic 
(Figure 3.16) regions.
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Figure 3.14 -  VT1HNMR spectra ofHg(BMPA) and SBz at -40 ’C. Solutions contained 
nominally 1:1 Hg(ll):BMPAand the following equivalents of SBZ": 0.000 (a), 0.125 (b), 
0.250 (c), 0.375 (d), 0.500 (e), 0.750 (f), 1.000 (g), 1.125 (h), 1.250 (i), 1.375 Q), 1.500 (k).
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Figure 3.15 -  Chemical shift (ppm) vs. [5Bz]/[Hg(BMPA)J for methylene protons at -40
°C. Proton resonances represented: Hf (dd blue triangle), Hf  (dd, red triangle), HgSBZ 
proton (s, square), free BMPA (s, black circle), 3:2 SBz:HgBMPA species (orange 
diamond).
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Figure 3.16 -Chemical shift (ppm) vs. [SBz]/[Hg(BMPA)] for aromatic protons at -40 °C.
Proton resonances represented: Ha (d, circle), Hc(t, square), Hb (dd, triangle), Hd (d, 
diamonds). Additional environments for each respective proton are represented by an 
unfilled shape.
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From [SBz]/[Hg(BMPA)] 0.00 -  0.50, the four aromatic protons each gave 
rise to two environments with nearly invariant chemical shift. In contrast, the 
two methylene resonances Hf and Hf remained coupled to each other and their 
chemical shifts remained relatively constant when SBz' was added. The spectra 
and plots indicated at least two species in solution at these equivalents.
Between 0.50 -1 .0 0 , a HgSBz resonance and a new singlet environment 
appear in the methylene region. The corresponding HgSBz resonances are 
difficult to identify, however, the increase in intensity for Hb and Hd resonances 
may be explained by overlap with the HgSBz aromatic resonances. Most of the 
aromatic protons shift approximately linearly in this [SBz]/[Hg(BMPA)] range, 
suggesting fast exchange between two environments on the chemical shift 
timescale. However, A6 is substantially larger for Ha, leading to slow exchange 
between two environments on the chemical shift timescale. Also, the methylene 
resonance for a new species appears at [SBz]/[Hg(BMPA)] = 0.50. From 1.00 -  
1.50, the methylene resonance indicative of free BMPA appears. By 
[SBz]/[Hg(BMPA)] = 1.50, the free ligand resonance is approximately 20% of the 
methylene singlet indicating some displacement of ligand.
The proposed mechanism for the solution equilibrium occurring was very 
similar to the proposed mechanism for TLA. Reactions 15 and 16 describe 
prevalent solution equilibria with less than 0.50 equivalents of SBZ' added.
[Hg(BMPA)]2+ + SBZ' [Hg(BMPA)(SBz)]+ (15) 
[Hg(BMPA)(SBz)]+ + [Hg(BMPA)]2+ [Hg2(BMPA)2(SBz)]3+ (16)
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The initial reaction 15, is the most likely to occur upon addition of SBz' because 
of the high relative concentration of [Hg(BMPA)]2+ in solution and the propensity 
of Hg(ll) to coordinate with sulfur. Once the small amount of sulfur added has 
reacted, the mixed ligand complex reacts further with the most concentrated 
species in solution, [Hg(BMPA)]2+ forming the 2:1 complex shown in reaction 16. 
Significantly, the observed proton NMR trends suggested the presence of two 
species in slow exchange. The intermediate species [Hg(BMPA)(SBz)]+ likely has 
no impact on the NMR spectra because it never reaches an appreciable 
concentration in solution. In contrast, TLA spectra revealed at least three 
species in solution at -40 °C. TLA is a much bulkier, sterically hindered ligand 
than BMPA. The process of binding an additional ligand to [Hg(TLA)(SBz)]+ likely 
has a substantial energetic barrier, allowing the initial thiolate adduct to build up 
in solution and become visible in the NMR spectrum.
From 0.500 -  1.000, as for TLA, the equilibria proposed to explain NMR 
trends in this region include initial reaction of [{Hg(BMPA)}2(SBz)]3+ with added 
SBz' to initially produce [Hg(BMPA)(SBz)]22+ (reaction 17), a bis(p2-S) thiolate 
complex with strained four membered ring (Figure 3.11.a). Once there is an 
appreciable concentration of [Hg(BMPA)(SBz)]22+ present, ring strain can be 
relieved by further reaction to produce tetramers and trimers of 
[Hg(BMPA)(SBz)]+ (Figure 3.11.b,c) by proposed reactions 18-20. These types of 
structure are well precedented crystallographically for Hg(ll).43,4649 While all
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oligomers of [Hg(BMPA)(SBz)]+ have 1:1 SBz' to [Hg(BMPA)] ratios, the trimer is 
expected to predominate based on thermodynamic considerations.
[Hg2(BMPA)2(SBz)]3+ + SBZ' [Hg(BMPA)(SBz)]22+ (17) 
[Hg(BMPA)(SBz)]22+ + [Hg(BMPA)(SBz)]22+ v=  ^ [Hg(BMPA)(SBz)]44+ (18) 
[Hg(BMPA)(SBz)]44+ ^  [Hg(BMPA)(SBz)]+ + [Hg(BMPA)(SBz)]33+ (19) 
[Hg(BMPA)(SBz)]+ + [Hg(BMPA)(SBz)]22+ [Hg(BMPA)(SBz)]33+ (20)
In addition, a new methylene singlet appears while the geminally coupled 
doublets simultaneously lose intensity. Loss of geminal coupling indicates a 
symmetric ligand environment, either through complete dissociation from the 
metal ion or inversion of the central aliphatic amine. Since the BMPA chemical 
shifts are significantly different than those for free ligand, it is proposed that the 
addition of SBz' to the Hg(ll) coordination sphere weakens the central Hg-N bond 
sufficiently to its inversion. As a result, the once geminally coupled protons 
collapse to a single chemical shift averaged singlet resonance.
From 1.00 -1 .5 0 ,  another new methylene singlet appears at 
[SBz]/[Hg(BMPA)] = 1.50 suggesting the formation of a 3:2 complex as shown by 
reactions 21-25.
[Hg(BMPA)(SBz)]22+ + SBz' v=  ^ [{Hg(BMPA)SBz}2(SBz)]+ (21) 
[Hg(BMPA)(SBz)]44++ SBz' ^  [{Hg(BMPA)(SBz)}4(SBz)]3+(22) 
[{Hg(BMPA)(SBz)}4(SBz)]3+ + SBz' v -  2[{Hg(BMPA)(SBz)}2(SBz)]+ (23) 
[Hg(BMPA)(SBz)]33+ + SBz' [{Hg(BMPA)(SBz)}3(SBz)]2+ (24) 
[{Hg(BMPA)(SBz)}3(SBz)]2+ + SBz’ ^  [Hg(BMPA)(SBz)2] + [{Hg(BMPA)(SBz)}2(SBz)]+ (25)
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Some displacement of BMPA was apparent at [SBz]/[HgBMPA] > 1.00 
based on observation of a complete set of free ligand resonances. Free ligand is 
detected with fewer equivalents of added SBz' than with TLA, as expected since 
BMPA makes fewer bonds to the metal center.
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Chapter 4 -  Conclusions and Future W ork
To elucidate more information about exchange processes in the solution 
state, VT NMR was used to monitor chemical shifts of protons in a Hg(ll)- 
ligand system with varying equivalents of a small thiol, benzylmercaptan. This 
study is particularly biologically relevant because current evidence indicates that 
small thiol molecules in the body are likely responsible for the transportation of 
Hg(ll). Two nitrogen donor ligands were used: a sterically hindered, tetradentate  
ligand, Tris[2-(6-methylpyridyl)methyl]amine] (TLA), and a less-hindered 
tridentate ligand, bis[(2-pyridyl)-methyl]amine] (BMPA). Previous VT 1H NMR 
studies had been performed on the single-ligand systems in the presence of 
Hg(ll). Chemical shifts of proton environments were monitored as a function of 
[SBz]/[Hg(L)].
A mechanism for solution equilibria was generated for each system. The 
TLA system (reactions 1 -14) allowed for more species to be in slow exchange on 
the chemical shift timescale at lower equivalents of [SBz]/[Hg(TLA)] relative to 
the BMPA system. TLA is a much bulkier, sterically hindered ligand than BMPA. 
The process of binding an additional ligand to [Hg(TLA)(SBz)]+ likely has a 
substantial energetic barrier, allowing the initial thiolate adduct to build up in 
solution and become visible in the NMR spectrum. TLA spectra taken at 20 °C 
showed heteronuclear 199Hg1H coupling which provided concrete evidence of 
metal-ligand binding.
[Hg(TLA)]2+ + (SBz)’ ^  [Hg(TLA)(SBz)]+ (1)
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[Hg(TLA)(SBz)]+ + [Hg(TLA)]2+ v=- [{Hg(TLA)}2(SBz)]3+(2) 
[{Hg(TLA)}2(SBz)]3++[Hg(TLA)]2t [{Hg(TLA)}3(SBz)]5*(3)
[{Hg(TLA)}2(SBz)]3* + SBz" v=  ^ 2 [Hg(TLA)(SBz)]22+ (4)
2 [Hg(TLA)(SBz)]22+ [Hg(TLA)(SBz)]44+ (5)
[Hg(TLA)(SBz)]44+ [Hg(TLA)(SBz)]+ + [Hg(TLA)(SBz)]33* (6) 
[Hg(TLA)(SBz)]22+ + [Hg(TLA)(SBz)J* [Hg(TLA)(SBz)]33+ (7)
[Hg(TLA)(SBz)]22+ + SBz" [{Hg(TLA)(SBz)}2(SBz)]+ (8) 
[Hg(TLA)(SBz)]44+ + SBz' —  [{Hg(TLA)(SBz)}4(SBz)]3+ (9) 
[{Hg(TLA)(SBz)}4(SBz)]3t + SBz' 2 [{Hg(TLA)(SBz)h(SBz)]* (10) 
[Hg(TLA)(SBz)]33+ + SBz’ —  [{Hg(TLA)(SBz)}3(SBz)]2+ (11) 
[{Hg(TLA)(SBz))3(SBz)]2+ + SBz" ^  [{Hg(TLA)(SBz)}2(SBz)]++ [Hg(TLA)(SBz)2] (12) 
[{Hg(TLA)(SBz))2(SBz)]+ + SBz’ —  2 [Hg(TLA)(SBz)2] (13)
[Hg(TLA)(SBz)2] + SBz" [Hg(SBz)3]' + TLA (14)
The BMPA system (reactions 15 -  25) had a smaller amount of detectable 
species in exchange. BMPA was more easily displaced relative to TLA because of 
its tridentate vs. tetradentate nature. BMPA spectra taken at -40 °C showed 
germinal coupling of the methylene protons through [SBz]/[Hg(BMPA)] = 1.250 
providing concrete evidence of metal-ligand bonding. Additional equivalents of 
SBZ did not fully displace BMPA from the metal ion but weakened the Hg-N bond 
to the aliphatic nitrogen, allowing for inversion of the amine nitrogen producing 
a singlet for the previously geminally coupled Hf and Hf protons.
[Hg(BMPA)]2+ + SBz' ^  [Hg(BMPA)(SBz)]+ (15)
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[Hg(BMPA)(SBz)]+ + [Hg(BMPA)]2+ ^  [Hg2(BMPA)2(SBz)]3+(16) 
[Hg2(BMPA)2(SBz)]3+ + SBz" [Hg(BMPA)(SBz)]22+(17) 
[Hg(BMPA)(SBz)]22+ + [Hg(BMPA)(SBz)]22+ [Hg(BMPA)(SBz)]44+ (18) 
[Hg(BMPA)(SBz)]44+ ^  [Hg(BMPA)(SBz)]+ + [Hg(BMPA)(SBz)]33+ (19) 
[Hg(BMPA)(SBz)]+ + [Hg(BMPA)(SBz)]22+ ^  [Hg(BMPA)(SBz)]33+ (20) 
[Hg(BMPA)(SBz)]22+ + SBz" [{Hg(BMPA)SBz}2(SBz)]+ (21) 
[Hg(BMPA)(SBz)]44++ SBz’ ^  [{Hg(BMPA)(SBz)}4(SBz)]3+ (22) 
[{Hg(BMPA)(SBz)}4(SBz)]3+ + SBz" ^  2[{Hg(BMPA)(SBz)}2(SBz)]+ (23) 
[Hg(BMPA)(SBz)]33+ + SBz’ [{Hg(BMPA)(SBz)}3(SBz)]2+ (24) 
[{Hg(BMPA)(SBz)}3(SBz)]2+ + SBz" ^  [Hg(BMPA)(SBz)2] + [{Hg(BMPA)(SBz)}2(SBz)] (25)
Based on these promising results, this experiment warrants redesign to 
improve quality of the data obtained. Most importantly, a thiol with proton 
resonances clearly distinct from those for the multidentate ligands and their 
Hg(ll) complexes would facilitate data analysis. More [SBz]/[Hg(L)] ratios should 
be examined across the range where L maintains significant Hg(ll) interaction to 
allow for a clearer picture of what is going on within each representative 
titration region. Select spectra could be collected at multiple temperatures 
between -40 °C and 20 °C for additional insight. Since many of the complexes 
involved in the proposed equilibria are ions, ESI-MS has the potential to 
complement the NMR studies. Unfortunately, preliminary ESI-MS analysis of 
samples across the [SBZ]/[Hg(TLA)] series using a Shimadzu 2010 EV LC-MS only
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allowed detection of the same three peaks (TEAH+, TLAH+, and [Hg(TLA)(SBZ)]+) 
offering little insight into the solution equilibria. After optimizing ionization 
conditions, resolution problems persisted at m/z > 1400.
There are multitudes of follow up experiments that can be performed for 
comparison to the solution equilibria studied in this thesis. A bidentate system 
has yet to be investigated to contrast with the tridentate and tetradentate 
systems studied herein. Mixed donor ligands (i.e. MEPAH and MeMEPAH) that 
offer a competing sulfur ligand would provide an interesting comparison to the 
nitrogen-donor ligands. Temperature-dependence of the mixed-ligand systems 
has yet to be explored. Finally, investigating other zinc triad metals in the 
presence of the same ligand systems that Hg(ll) was exposed to could highlight 
unique Hg(ll) behavior if solution equilibria proves different.
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